ENERGY BANDS IN SOLIDS 


In this chapter we begin with a review of the basic atomic properties of 
matter leading to discrete electronic energy levels in atoms. We find 
that these energy levels are spread into energy bands in a crystal. 
This band structure allows us to distinguish between an insulator, a 
semiconductor, and a metal. 


1-1 CHARGED PARTICLES 


The charge, or quantity, of negative electricity and the mass of the 
electron have been found to be 1.60 X 10-!® C (coulomb) and 
9.11 X 10~*'kg, respectively. The values of many important physical 
constants are given in Appendix A, and a list of conversion factors and 
prefixes is given in Appendix B. Some idea of the number of electrons 
per second that represents current of the usual order of magnitude is 
readily possible. For example, since the charge per electron is 
1.60 X 10~"® C, the number of electrons per coulomb is the reciprocal 
of this number, or approximately, 6 X 10!8 Further, since a current 
of LA (ampere) i is the flow of 1 C/s, then a current of only 1 pA (1 pico- 
ampere, or 10~!* A) represents the motion of approximately 6 million 
electrons per second. Yet acurrent of 1 pAis so small that considerable 
difficulty is experienced in attempting to measure it. 

The charge of a positive ion is an integral multiple of the charge 
of the electron, although it is of opposite sign. For the case of singly 
ionized particles, the charge is equal to that of the electron. For the 
case of doubly ionized particles, the ionic charge is twice that of the 
electron. 

The mass of an atom is expressed as a number that is based on the 
choice of the atomic weight of oxygen equal to 16. The mass of a 
hypothetical atom of atomic weight unity is, by this definition, one- 
sixteenth that of the mass of monatomic oxygen and has been calcu- 
lated to be 1.66 X 10-27 kg. Hence, to calculate the mass in kilograms 
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of any atom, it ts necessary only to multiply the atomic weight of the atom by 
1.66 X 10-27 kg. A table of atomic weights is given in Table 1-1 on p. 12. 

The radius of the electron has been estimated as 10-'* m, and that of an 
atom as 10-!°m. These are so small that all charges are considered as mass 
points in the following sections. 

In a semiconductor crystal such as silicon, two electrons are shared by each 
pair of ionic neighbors. Such a configuration is called a covalent bond. Under 
certain circumstances an electron may be missing from this structure, leaving 
a “hole” in the bond. These vacancies in the covalent bonds may move from 
ion to ion in the crystal and constitute a current equivalent to that resulting 
from the motion of free positive charges. The magnitude of the charge 
associated with the hole is that of a free electron. This very brief introduction 
to the concept of a hole as an effective charge carrier is elaborated upon in 
Chap. 2. 


1-2 FIELD INTENSITY, POTENTIAL, ENERGY 


By definition, the force f (newtons) on a unit positive charge in an electric field 
is the electric field intensity & at that point. Newton’s second law determines 
the motion of a particle of charge g (coulombs), mass m (kilograms), moving 
with a velocity v (meters per second) in a field & (volts per meter). 


dv 
The mks (meter-kilogram-second) rationalized system of units is found to be 
most convenient for subsequent studies. Unless otherwise stated, this system 
of units is employed throughout this book. 


Potential By definition, the potential V (volts) of point B with respect to 
point A is the work done against the field in taking a unit positive charge from 
A to B. This definition is valid for a three-dimensional field. For a one- 
dimensional problem with A at 2, and B at an arbitrary distance 2, it follows 
thatt 


V=— [rede (1-2) 


where & now represents the X component of the field. Differentiating Eq. 
(1-2) gives 
_ WW 


&= dx 


(1-3) 


The minus sign shows that the electric field is directed from the region of 
higher potential to the region of lower potential. In three dimensions, the 
electric field equals the negative gradient of the potential. 


+ The symbol = is used to designate “equal to by definition.” 
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By definition, the potential energy U (joules) equals the potential multiplied 
by the charge q under consideration, or 


U=qv (1-4) 


If an electron is being considered, q is replaced by —q (where gq is the magnitude 
of the electronic charge) and U has the same shape as V but is inverted. 

The law of conservation of energy states that the total energy W, which 
equals the sum of the potential energy U and the kinetic energy $mv?, remains 
constant. Thus, at any point in space, 


W = U + mv? = constant (1-5) 


As an illustration of this law, consider two parallel electrodes (A and B of 
Fig. 1-1a) separated a distance d, with B at a negative potential Va with respect 
to A. An electron leaves the surface of A with a velocity v, in the direction 
toward B. How much speed » will it have if it reaches B? 

From the definition, Eq. (1-2), it is clear that only differences of 
potential have meaning, and hence let us arbitrarily ground A, that is, consider 
it to be at zero potential. Then the potential at B is V = —V4a, and the 
‘potential energy is U = —qV = qVa. Equating the total energy at A to 
that at B gives 


W = $mv,? = gmv? + qVa (1-6) 


a ‘ | Potential, V 


Distance, x _ 


Potential energy, U 


otal energy, W 


_ Ss Distance 


(c) 


Fig. 1-1 (a) An electron leaves electrode A with an initial speed v, 
and moves in a retarding field toward plate B; (b) the potential; 
(c) the potential-energy barrier between electrodes. 
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This equation indicates that v must be less than v,, which is obviously correct 
since the electron is moving in a repelling field. Note that the final speed v 
attained by the electron in this conservative system is independent of the form 
of the variation of the field distribution between the plates and depends only 
upon the magnitude of the potential difference Va. Also, if the electron is to 
reach electrode B, its initial speed must be large enough so that $ mv,? > qVa. 
Otherwise, Eq. (1-6) leads to the impossible result that » is imaginary. We 
wish to elaborate on these considerations now. 


The Concept of a Potential-energy Barrier For the configuration of 
Fig. 1-1la with electrodes which are large compared with the separation d, we 
can draw (Fig. 1-16) a linear plot of potential V versus distance zx (in the inter- 
electrode space). The corresponding potential energy U versus x is indicated 
in Fig. 1-1c. Since potential is the potential energy per unit charge, curve c 
is obtained from curve b by multiplying each ordinate by the charge on the 
electron (a negative number). Since the total energy W of the electron remains 
constant, it is represented as a horizontal line. The kinetic energy at any 
distance x equals the difference between the total energy W and the potential 
energy U at this point. This difference is greatest at O, indicating that the 
kinetic energy is a maximum when the electron leaves the electrode A. At 
the point P this difference is zero, which means that no kinetic energy exists, 
so that the particle is at rest at this point. This distance x, is the maximum 
that the electron can travel from A. At point P (where x = z,) it comes 
momentarily to rest, and then reverses its motion and returns to A. 

Consider a point such as S which is at a greater distance than x, from 
electrode A. Here the total energy QS is less than the potential energy RS, so 
that the difference, which represents the kinetic energy, is negative. This is 
an impossible physical condition, however, since negative kinetic energy 
(gmv? < 0) implies an imaginary velocity. We must conclude that the particle 
can never advance a distance greater than x, from electrode A. 

The foregoing analysis leads to the very important conclusion that the 
shaded portion of Fig. 1-lc can never be penetrated by the electron. Thus, at 
point P, the particle acts as f it had collided with a solid wall, hill, or barrier 
and the direction of its flight had been altered. Potential-energy barriers of 
this sort play important role in the analyses of semiconductor devices. 

It must be emphasized that the words ‘‘collides with” or “rebounds from”’ 
a potential ‘hill’? are convenient descriptive phrases and that an actual 
encounter between two material bodies is not implied. 


1-3 THE eV UNIT OF ENERGY 


The joule (J) is the unit of energy in the mks system. In some engineering 
power problems this unit is very small, and a factor of 10° or 10° is introduced 
to convert from watts (1 W = 1 J/s) to kilowatts or megawatts, respectively. 
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‘ However, in other problems, the joule is too large a unit, and a factor of 1077 
is introduced to convert frum joules to ergs. For a discussion of the energies 
involved in electronic devices, even the erg is much too large a unit. This 
statement is not to be construed to mean that only minute amounts of energy 
can be obtained from electron devices. It is true that each electron possesses 
a tiny amount of energy, but as previously pointed out (Sec. 1-1), an enormous 
number of electrons are involved even in a small current, so that considerable 
power may be represented. 

A unit of work or energy, called the electron volt (eV), is defined as follows: 


leV = 1.60 X 10° J 


Of course, any type of energy, whether it be electric, mechanical, thermal, etce., 
may be expressed in electron volts. 

The name electron volt arises from the fact that, if an electron falls through 
a potential of one volt, its kinetic energy will increase by the decrease in 
potential energy, or by 


qV = (1.60 X 107? C)(1 V) = 1.60 K 10° J = LeV 


However, as mentioned above, the electron-volt unit may be used for any type 
of energy, and is not restricted to problems involving electrons. 

A potential-energy barrier of EF (electron volts) is equivalent to a potential 
hill of V (volts) if these quantities are related by 


qV = 1.60 X 10°" EF (1-7) 


Note that V and FE are numerically identical but dimensionally different. 


1-4 THE NATURE OF THE ATOM 


We wish to develop the band structure of a solid, which will allow us to 
distinguish between an insulator, a semiconductor, and a metal. We begin 
with a review of the basic properties of matter leading to discrete electronic 
energy levels in atoms. 

Rutherford, in 1911, found that the atom consists of a nucleus of positive 
charge that contains nearly all the mass of the atom. Surrounding this central 
positive core are negatively charged electrons. As a specific illustration of this 
atomic model, consider the hydrogen atom. This atom consists of a positively 
charged nucleus (a proton) and a single electron. The charge on the proton is 
positive and is equal in magnitude to the charge on the electron. Therefore 
the atom as a whole is electrically neutral. Because the proton carries practi- 
cally all the mass of the atom, it will remain substantially immobile, whereas 
the electron will move about it in a closed orbit. The force of attraction 
between the electron and the proton follows Coulomb’s law. It can be shown 
from classical mechanics that the resultant closed path will be a circle or an 
ellipse under the action of such a force. This motion is exactly analogous to 
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that of the planets about the sun, because in both cases the force varies inversely 
as the square of the distance between the particles. 
Assume, therefore, that the orbit of the electron in this planetary model 
of the atom is a circle, the nucleus being supposed fixed in space. It is a 
simple matter to calculate its radius in terms of the total energy W of the 
electron. The force of attraction between the nucleus and the electron of the 
hydrogen atom is q?/47e,r?, where the electronic charge q is in coulombs, the 
separation r between the two particles is in meters, the force is in newtons, and 
é. is the permittivity of free space.t By Newton’s second law of motion, this 
must be set equal to the product of the electronic mass m in kilograms and the 
acceleration v?/r toward the nucleus, where v is the speed of the electron in its 
circular path, in meters per second. Then 
2 2 
i=” (1-8) 


4re,r? r 


Furthermore, the potential energy of the electron at a distance r from the 
nucleus is —q?/4zer, and its kinetic energy is 3mv?. Then, according to 
the conservation of energy, 
q 


Are,r 


W = 4m? — (1-9) 
where the energy is in joules. Combining this expression with (1-8) produces 


2 
w=? (1-10) 


Swe r 


which gives the desired relationship between the radius and the energy of the 
electron. This equation shows that the total energy of the electron is always 
negative. The negative sign arises because the potential energy has been 
chosen to be zero when r is infinite. This expression also shows that the 
energy of the electron becomes smaller (i.e., more negative) as it approaches 
closer to the nucleus. 

The foregoing discussion of the planetary atom has been considered only 
from the point of view of classical mechanics. However, an accelerated charge 
must radiate energy, in accordance with the classical laws of electromagnetism. 
If the charge is performing oscillations of a frequency f, the radiated energy 
will also be of this frequency. Hence, classically, it must be concluded that 
the frequency of the emitted radiation equals the frequency with which the. 
electron is rotating in its circular orbit. 

There is one feature of this picture that cannot be reconciled with experi- 
ment. If the electron is radiating energy, its total energy must decrease by 
the amount of this emitted energy. As a result the radius r of the orbit must 
decrease, in accordance with Eq. (1-10). Consequently, as the atom radiates 
energy, the electron must move in smaller and smaller orbits, eventually fall- 
ing into the nucleus. Since the frequency of oscillation depends upon the size 


t The numerical value of ¢, is given in Appendix A. 
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of the circular orbit, the energy radiated would be of a gradually changing fre- 
quency. Such a conclusion, however, is incompatible with the sharply defined 
frequencies of spectral lines. 


The Bohr Atom The difficulty mentioned above was resolved by Bohr in 
1913. He postulated the following three fundamental laws: 


1. Not all energies as given by classical mechanics are possible, but the 
atom can possess only certain discrete energies. While in states correspond- 
ing to these discrete energies, the electron does not emit radiation, and the 
electron is said to be in a stationary, or nonradiating, state. 

2. In a transition from one stationary state corresponding to a definite 
energy W, to another stationary state, with an associated energy W,, radiation 
will be emitted. The frequency of this radiant energy is given by 


W. _ W, 
fe (1-11) 


where h is Planck’s constant in joule-seconds, the W’s are expressed in joules, 
and f is in cycles per second, or hertz. 

3. A stationary state is determined by the condition that the angular 
momentum of the electron in this state is quantized and must be an integral 
multiple of h/2r. Thus 


mor = 5 (1-12) 
where n is an integer. 

Combining Eqs. (1-8) and (1-12), we obtain the radii of the stationary 
states (Prob. 1-13), and from Eq. (1-10) the energy level in joules of each state 
is found to be 
_ mgt 1 

She? n? 


W,= (1-13) 
Then, upon making use of Eq. (1-11), the exact frequencies found in the hydro- 
gen spectrum are obtained—a remarkable achievement. The radius of the 
lowest state is found to be 0.5 A. ; 


1-5 ATOMIC ENERGY LEVELS 


For each integral value of n in Eq. (1-13) a horizontal line is drawn. These 
lines are arranged vertically in accordance with the numerical values calculated 
from Eq. (1-13). Such a convenient pictorial representation is called an 
energy-level diagram and is indicated in Fig. 1-2 for hydrogen. The number to 
the left of each line gives the energy of this level in electron volts. The 
number immediately to the right of a line is the value of n. Theoretically, an 
infinite number of levels exist for each atom, but only the first five and the 
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Energy E, eV n E + 13.6 
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level for n = © are indicated in Fig. 1-2. The horizontal axis has no signifi- 
cance here, but in extending such energy-level diagrams to solids, the X axis 
will be used to represent the separation of atoms within a crystal (Fig. 1-3) or 
the distance within a solid. In such cases the energy levels are not constant, 
but rather are functions of z. 

It is customary to express the energy value of the stationary states in 
electron volts E rather than in joules W. Also, it is more common to specify 
the emitted radiation by its wavelength \ in angstroms rather than by its 
frequency f in hertz. In these units, Eq. (1-11) may be rewritten in the form 


12,400 
~ Ey — Fy (1-14) 

Since only differences of energy enter into this expression, the zero state 
may be chosen at will. It is convenient and customary to choose the lowest 
energy state as the zero level, Such a normalized scale is indicated to the 
extreme right in Fig. 1-2. The lowest energy state is called the normal, or 
ground, level, and the other stationary states of the atom are called excited, 
radiating, critical, or resonance, levels. 

As the electron is given more and more energy, it moves into stationary 
states which are farther and farther away from the nucleus. When its energy 
is large enough to move it completely out of the field of influence of the ion, it 
becomes “‘detached” from it. The energy required for this process to occur 
is called the ionization potential and is represented as the highest state in the 
energy-level diagram; 13.60 eV for hydrogen. 
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Collisions of Electrons with Atoms The foregoing discussion shows that 
energy must be supplied to an atom in order to excite or ionize the atom. One 
of the most important ways to supply this energy is by electron impact. 
Suppose that an electron is accelerated by the potential applied to a discharge - 
tube. The energy gained from the field may then be transferred to an atom 
when the electron collides with the atom. If the bombarding electron has 
gained more than the requisite energy from the discharge to raise the atom 
from its normal state to a particular resonance level, the amount of energy in 
excess of that required for excitation will be retained by the incident electron © 
as kinetic energy after the collision. 

If an impinging electron possesses an amount of energy at least equal to the 
ionization potential of the gas, it may deliver this energy to an electron of the 
atom and completely remove it from the parent atom. Three charged particles 
result from such an ionizing collision: two electrons and a positive ion. 


The Photon Nature of Light Assume that an atom has been raised from 
the ground state to an excited level by electron bombardment. The mean 
life of an excited state ranges from 10-7 to 107!" s, the excited electron returning 
to its previous state after the lapse of this time. In this transition, the atom 
must lose an amount of energy equal to the difference in energy between the 
two states that it has successively occupied, this energy appearing in the form 
of radiation. According to the postulates of Bohr, this energy is emitted in 
the form of a photon of light, the frequency of this radiation being given by 
Eq. (1-11), or the wavelength by Eq. (1-14). The term photon denotes an 
amount of radiant energy equal to the constant h times the frequency. This 
quantized nature of an electromagnetic wave was first introduced by Planck, 
in 1901, in order to verify theoretically the blackbody radiation formula 
obtained experimentally. 

The photon concept of radiation may be difficult to comprehend at first. 
Classically, it was believed that the atoms were systems that emitted radiation 
continuously in all directions. According to the foregoing theory, however, 


__ this is not true, the emission of light by an atom being a discontinuous process. 


That is, the atom radiates only when it makes a transition from one energy 
level to a lower energy state. In this transition, it emits a definite amount 
of energy of one particular frequency, namely, one photon Af of light. Of 
course, when a luminous discharge is observed, this discontinuous nature of 
radiation is not suspected because of the enormous number of atoms that are 


' . radiating energy and, correspondingly, because of the immense number of 


photons that are emitted in unit time. 


Spectral Lines The arrows in Fig. 1-2 represent six possible transitions 
between stationary states. The attached number gives the wavelength of 
the emitted radiation. For example, the ultraviolet line 1,216 A is radiated 
when the hydrogen atom drops from its first excited state, n = 2, to its normal 
state, n = 1. 
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Another important method, called photoexcitation, by which an atom may 
be elevated into an excited energy state, is to have radiation fall on the gas. 
An atom may absorb a photon of frequency f and thereby move from the level 
of energy W, to the high energy level W2, where W. = W, + hf. Anextremely 
important feature of excitation by photon capture is that the photon will not 
be absorbed unless its energy corresponds exactly to the energy difference between 
two stationary levels of the atom with which it collides. For example, if a normal 
hydrogen atom is to be raised to its first excited state by means of radiation, 
the wavelength of this light must be 1,216 A (which is in the ultraviolet region 
of the spectrum). 

When a photon is absorbed by an atom, the excited atom may return to 
its normal state in one jump, or it may do so in several steps. If the atom 
falls into one or more excitation levels before finally reaching the normal state, 
it will emit several photons. These will correspond to energy differences 
between the successive excited levels into which the atom falls. None of the 
emitted photons will have the frequency of the absorbed radiation! This 
fluorescence cannot be explained by classical theory, but is readily understood 
once Bohr’s postulates are accepted. 


Photoionization If the frequency of the impinging photon is sufficiently 
high, it may have enough energy to ionize the atom. The photon vanishes 
with the appearance of an electron and a positive ion. Unlike the case of 
photoexcitation, the photon need not possess an energy corresponding exactly 
to the ionization energy of the atom. It need merely possess at least this much 
energy. If it possesses more than ionizing energy, the excess will appear as 
the kinetic energy of the emitted electron and positive ion. It is found by 
experiment, however, that the maximum probability of photoionization occurs 
when the energy of the photon is equal to the ionization potential, the proba- 
bility decreasing rapidly for higher photon energies. 


Wave Mechanics Since a photon is absorbed by only one atom, the 
photon acts as if it were concentrated in a very small volume of space, in 
contradiction to the concept of a wave associated with radiation. De Broglie, 
in 1924, postulated that the dual character of wave and particle is not limited 
to radiation, but is also exhibited by particles such as electrons, atoms, or 
macroscopic masses. He postulated that a particle of momentum p = mv 
has a wavelength X associated with it given by 


N= (1-15) 


We can make use of the wave properties of a moving electron to establish 
Bohr’s postulate that a stationary state is determined by the condition that 
the angular momentum must be an integral multiple of h/2r. It seems 
reasonable to assume that an orbit of radius r will correspond to a stationary 
state if it contains a standing-wave pattern. In other words, a stable orbit is 
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one whose circumference is exactly equal to the electronic wavelength \, or to 


- md, where n is an integer (but not zero). Thus 


2rr = nv = nh (1-16) 
mv 


Clearly, Eq. (1-16) is identical with the Bohr condition [Eq. (1-12)]. 

Schrodinger carried the implication of the wave nature of matter further 
and developed a wave equation to describe electron behavior in a potential 
field U(x, y, z). The solution of this differential equation is called the 
wave function, and it determines the probability density at each point in 
space of finding the electron with total energy W. If the potential energy, 
U = —q?/4rer, for the electron in the hydrogen atom is substituted into the 
Schrédinger equation, it is found that a meaningful physical solution is possible 
only if W is given by precisely the energy levels in Eq. (1-13), which were 
obtained from the simpler Bohr picture of the atom. 


1-6 ELECTRONIC STRUCTURE OF THE ELEMENTS 


The solution of the Schrédinger equation for hydrogen or any multielectron 
atom requires three quantum numbers. These are designated by n, 1, and 


* mi: and are restricted to the following integral values: 


n=1,2,3,... 
l=0,1,2,...,(™m-—1) 
m = 0, +1, +2,.. ., #1 


To specify a wave function completely it is found necessary to introduce a 
fourth quantum number. This spin quantum number m, may assume only 
two values, +4 or —4 (corresponding to the same energy). 


The Exclusion Principle The periodic table of the chemical elements 
(given in Table 1-1) may be explained by invoking a law enunciated by Pauli 
in 1925. He stated that no two electrons in an electronic system can have the 
same set of four quantum numbers, n, l,m, and m,. This statement that no two 


electrons may occupy the same quantum state is known as the Pauli exclusion 
principle. 


Electronic Shells All the electrons in an atom which have the same value 
of n are said to belong to the same electron shell. These shells are identified 


by the letters K, L, M, N,..., corresponding to n = 1, 2, 3, 4,..., 
respectively. A shell is divided into subshells corresponding to different values 
of J and identified as s, p, d, f, . . . , corresponding to 1 = 0, 1, 2,3,..., 


respectively. Taking account of the exclusion principle, the distribution of 


“qyBtaM O1UI078 OY} SAIS FUSTTOTe ayy JO} [OqUIAS BY} MOTEq JequINU ey], ‘JaquINU o1UI0Ze OY} BeAIZ JUEUIE[e BY} IOJ [OquIAS ay} Jo 44B1I oY} OF Jequinu ayy, } 


L6°FL1 | FO'ELT | €6°S9T | 9S LOT | 6° F9T | OS SOT | Z6°SST | SZ LST | 96 TST | SE OST (L¥IL) | $2 PHL | 16° OFT 


1297] OLQA| 694L| 8940 | 29°H | 994A] SOIL] F9PD] €9NA! 29 US| 19d] OO PN] 694d 


SyjiDg o1Dy eUL 


(#2) (99%) (1¢2) (€82) 2 
201 ON [101 PN 86 3D 28 44 
(222) (O1Z) | 86° 802 65° 002 06° ZET 9 
98 U4 ¥8 Od £8 '@ 08 3H g¢ 8D 
Of TET 09° 21] GL TSt OF ZIT Lt S8 ¢ 
¥S OX oS OL 1¢ 98 8F PO Le Wa 
08 '€8 96°82 36° FL 2e°S9 O16 } 
9f IMI FE 2S €e 8y Of UZ 61 
S66 90°28) L6°0E 66° S32 Pa 
8ST 2V 918 Std TT @N 
81'0e 00° 9T 10°F . $69 z 
OT ®N 80 LN : . evi 
00°F 1o'T I 
& eH tH 
sored VIA VA VAI VIII aii dI dIA dAI alli VII VI powed 
qieuy dnoin | dnorn | dnoipn | dnory | dnoin | dnorn dnomry | dnoiry | dno | dnory | dnory | dnoiy | dnoin 


| sjuowaje ayy yo 21qD4 2Ipoleg = -1 FGA SS 


Sec. 1-6 ENERGY BANDS IN SOLIDS / 13 


TABLE 1-2 Electron shells and subshells 


of 
electrons 


electrons in an atom among the shells and subshells is indicated in Table 1-2. 
Actually, seven shells are required to account for all the chemical elements, 
but only the first four are indicated in the table. 

There are two states for n = 1 corresponding to 1 = 0, m = 0, and 
mM, = +3. These are called the 1s states. There are two states correspond- 
ing to n = 2,1 =0, m: = 0, and m, = +3. These constitute the 2s sub- 
shell. There are, in addition, six energy levels corresponding to n = 2,1 = 1, 
m = —1,0, or +1, and m, = +3. These are designated as the 2p subshell. 
Hence, as indicated in Table 1-2, the total number of electrons in the L shell is 
2+ 6 = 8. Ina similar manner we may verify that a d subshell contains a 
maximum of 10 electrons, an f subshell a maximum of 14 electrons, ete. 

The atomic number Z gives the number of electrons orbiting about. the 
nucleus. Let us use superscripts to designate the number of electrons in a 
particular subshell. Then sodium, Na, for which Z = 11, has an electronic 
configuration designated by 1s?2s?2p*3s!. Note that Na has a single electron 
in the outermost unfilled subshell, and hence is said to be monovalent. This 
same property is possessed by all the alkali metals (Li, Na, K, Rb, and Cs), 
which accounts for the fact that these elements in the same group in the 
periodic table (Table 1-1) have similar chemical properties. 

The inner-shell electrons are very strongly bound to an atom, and cannot 
be easily removed. That is, the electrons closest to the nucleus are the most 
tightly bound, and so have the lowest energy. Also, atoms for which the 
electrons exist in closed shells form very stable configurations. For example, 
the inert gases He, Ne, A, Kr, and Xe, all have either completely filled shells 
or, at least, completely filled subshells. 

Carbon, silicon, germanium, and tin have the electronic configurations 
indicated in Table 1-3. Note that each of these elements has completely filled 
subshells except for the outermost p shell, which contains only two of the 
six possible electrons. Despite this similarity, carbon in crystalline form 
(diamond) is an insulator, silicon and germanium solids are semiconductors, 
and tin isa metal. This apparent anomaly is explained in the next section. 
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TABLE 1-3 Electronic configuration in Group IVA 


Atomic 
number Configuration 


EJement 


6 1s?28?2p? 
Si 1s?2s?2p83s823p? 
Ge 18?2s?2p%3s°3p 83d! 4874 p? 
Sn 1822822) 838?3p 3d! 4574 p84d! 5825p? 
1-7 THE ENERGY-BAND THEORY OF CRYSTALS 


X-ray and other studies reveal that most metals and semiconductors are 
crystalline in structure. A crystal consists of a space array of atoms or 
molecules (strictly speaking, ions) built up by regular repetition in three 
dimensions of some fundamental structural unit. The electronic energy levels 
discussed for a single free atom (as in a gas, where the atoms are sufficiently 
far apart not to exert any influence on one another) do not apply to the same 
atom in a crystal. . This is so because the potential characterizing the erystal- 
line structure is now a periodic function in space whose value at any point is 
the result of contributions from every atom. When atoms form crystals, it is 
found that the energy levels of the inner-shell electrons are not affected 
appreciably by the presence of the neighboring atoms. However, the levels 
of the outer-shell electrons are changed considerably, since these electrons are 
shared by more than one atom in the crystal. The new energy levels of the 
outer electrons can be determined by means of quantum mechanics, and it is 
found that coupling between the outer-shell electrons of the atoms results in a 
band of closely spaced energy states, instead of the widely separated energy 
levels of the isolated atom (Fig. 1-3). A qualitative discussion of this energy- 
band structure follows. 

Consider a crystal consisting of N atoms of one of the elements in Table 
1-3. Imagine that it is possible to vary the spacing between atoms without 
altering the type of fundamental crystal structure. If the atoms are so far 
apart that the interaction between them is negligible, the energy levels will 
coincide with those of the isolated atom. The outer two subshells for each 
element in Table 1-3 contain two s electrons and two p electrons. Hence, 
if we ignore the inner-shell levels, then, as indicated to the extreme right in 
Fig. 1-3a, there are 2N electrons completely filling the 2N possible s levels, 
all at the same energy. Since the p atomic subshell has six possible states, 
our imaginary crystal of widely spaced atoms has 2N electrons, which fill only 
one-third of the 6N possible p states, all at the same level. 

If we now decrease the interatomic spacing of our imaginary crystal 
(moving from right to left in Fig. 1-3a), an atom will exert an electric force 
on its neighbors. Because of this coupling between atoms, the atomic-wave 
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Interatomic spacing, d d 
(a) (bo) 
Fig. 1-3 Illustrating how the energy levels of isolated atoms are 
split into energy bands when these atoms are brought into close 
proximity to form a crystal. 


functions overlap, and the crystal becomes an electronic system which must 
obey the Pauli exclusion principle. Hence the 2N degenerate s states must 
spread out in energy. The separation between levels is small, but since N is 
very large (~10?' cm—’), the total spread between the minimum and maximum 
energy may be several electron volts if the interatomic distance is decreased 
sufficiently. This large number of discrete but closely spaced energy levels 
is called an energy band, and is indicated schematically by the lower shaded 
region in Fig. 1-3a. The 2N states in this band are completely filled with 
2N electrons. Similarly, the upper shaded region in Fig. 1-3a is a band of 
6N states which has only 2N of its levels occupied by electrons. 

Note that there is an energy gap (a forbidden band) between the two 
bands discussed above and that this gap decreases as the atomic spacing 
decreases. For small enough distances (not indicated in Fig. 1-3a but shown 
in Fig. 1-3b) these bands will overlap. Under such circumstances the 6N upper 
states merge with the 2N lower states, giving a total of 8N levels, half of which 
are occupied by the 2N + 2N = 4N available electrons. At this spacing each 
atom has given up four electrons to the band; these electrons can no longer be 
said to orbit in s or p subshells of an isolated atom, but rather they belong to 
the crystal as a whole. In this sense the elements in Table 1-3 are tetravalent, 
since they contribute four electrons each to the crystal. The band these 
electrons occupy is called the valence band. 

If the spacing between atoms is decreased below the distance at which 
the bands overlap, the interaction between atoms is indeed large. The energy- 
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band structure then depends upon the orientation of the atoms relative to one 
another in space (the crystal structure) and upon the atomic number, which 
determines the electrical constitution of each atom. Solutions of Schrédinger’s 
equation are complicated and have been obtained approximately for only rela- 
tively few crystals. These solutions lead us to expect an energy-band diagram 
somewhat as pictured! in Fig. 1-3b. At the crystal-lattice spacing (the dashed 
vertical line), we find the valence band filled with 4N electrons separated by a 
forbidden band (no allowed energy states) of extent Eg from an empty band 
consisting of 4N additional states. This upper vacant band is called the con- 
duction band, for reasons given in the next section. 


1-8 INSULATORS, SEMICONDUCTORS, AND METALS 


A very poor conductor of electricity is called an insulator; an excellent con- 
ductor is a metal; and a substance whose conductivity lies between these 
extremes is a semiconductor. A material may be placed in one of these three 
classes, depending upon its energy-band structure. 


Insulator The energy-band structure of Fig. 1-36 at the normal lattice 
spacing is indicated schematically in Fig. 1-4a. For a diamond (earbon) 
crystal the region containing no quantum states is several electron volts high 
(Eq ~ 6 eV). This large forbidden band separates the filled valence region 
from the vacant conduction band. The energy which can be supplied to an 
electron from an applied field is too small to carry the particle from the filled 
into the vacant band. Since the electron cannot acquire sufficient applied 
energy, conduction is impossible, and hence diamond is an insulator. 


Semiconductor A substance for which the width of the forbidden energy 
region is relatively small (~1 eV) is called a semiconductor. Graphite, a 
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Fig. 1-4 Energy-band structure of (a) an insulator, (b) a semi- 
conductor, and (c) a metal. 
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crystalline form of carbon but having a crystal symmetry which is different 


. from diamond, has such a small value of Eg, and it is a semiconductor. The 


most important practical semiconductor materials are germanium and silicon, 
which have values of Eg of 0.785 and 1.21 eV, respectively, at O°K. Energies 
of this magnitude normally cannot be acquired from an applied field. Hence 
the valence band remains full, the conduction band empty, and these materials 
are insulators at low temperatures. However, the conductivity increases with 
temperature, as we explain below. These substances are known as intrinsic 
(pure) semiconductors. 

As the temperature is increased, some of these valence electrons acquire 
thermal energy greater than Eg, and hence move into the conduction band. 
These are now free electrons in the sense that they can move about under 
the influence of even a small applied field. These free, or conduction, elec- 
trons are indicated schematically by dots in Fig. 1-4b. The insulator has now 
become slightly conducting; it is a semiconductor. The absence of an electron 
in the valence band is represented by a small circle in Fig. 1-4b, and is called a 
hole. The phrase “holes in a semiconductor’ therefore refers to the empty 
energy levels in an otherwise filled valence band. 

The importance of the hole is that it may serve as a carrier of electricity, 
comparable in effectiveness with the free electron. The mechanism by which 
a hole contributes to conductivity is explained in Sec. 2-2. We also show in 
Chap. 2 that if certain impurity atoms are introduced into the crystal, these 
result in allowable energy states which lie in the forbidden energy gap. We 
find that these impurity levels also contribute to the conduction. A semi- 
conductor material where this conduction mechanism predominates is called 
an extrinsic (impurity) semiconductor. 

Since the band-gap energy of a crystal is a function of interatomic spacing 
(Fig. 1-3), it is not surprising that Eg depends somewhat on temperature. 
It has been determined experimentally that Eg decreases with temperature, 
and this dependence is given in See. 2-5. 


Meta! A solid which contains a partly filled band structure is called a 
metal. Under the influence of an applied electric field the electrons may acquire 
additional energy and move into higher states. Since these mobile electrons 
constitute a current, this substance is a conductor and the partly filled region 
is the conduction band. One example of the band structure of a metal is 
given in Fig. 1-4c, which shows overlapping valence and conduction bands. 
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REVIEW QUESTIONS 


1-1 Define potential energy in words and as an equation. 
1-2 Define an electron volt. 
1-3 State Bohr’s three postulates for the atom. 
1-4 Define a photon. 
1-5. Define (a) photoexcitation; (b) phototonization. 
1-6 State the Pauli exclusion principle. 
1-7. Give the electronic configuration for an atom of a specified atomic number Z. 
For example, Z = 32 for germanium. 
1-8 Explain why the energy levels of an atom become energy bands in a solid. 
1-9 What is the difference between the band structure of an insulator and of a 
semiconductor? 
1-10 What is the difference between the band structure of a semiconductor and 
of a metal? 
1-11. Explain why a semiconductor acts as an insulator at 0°K and why its 
conductivity increases with increasing temperature. 
1-12. What is the distinction between an intrinsic and an extrinsic semiconductor? 
1-13 Define a hole in a semiconductor. 


TRANSPORT PHENOMENA IN 
SEMICONDUCTORS 


The current in a metal is due to the flow of negative charges (electrons), 
whereas the current in a semiconductor results from the movement of 
both electrons and positive charges (holes). A semiconductor may be 
doped with impurity atoms so that the current is due predominantly 
either to electrons or to holes. The transport of the charges in a 
crystal under the influence of an electric field (a drift current), and 
also as a result of a nonuniform concentration gradient (a diffusion 
current), is investigated. 


2-1 MOBILITY AND CONDUCTIVITY 


In the preceding chapter we presented an energy-band picture of 
metals, semiconductors, and insulators. In a metal the outer, or 
valence, electrons of an atom are as much associated with one ion 
as with another, so that the electron attachment to any individual 
atom is almost zero. In terms of our previous discussion this means 
that the band occupied by the valence electrons may not be com- 
pletely filled and that there are no forbidden levels at higher energies. 
Depending upon the metal, at least one, and sometimes two or three, 
electrons per atom are free to move throughout the interior of the. 
metal under the action of applied fields. 

Figure 2-1 is a two-dimensional schematic picture of the charge 
distribution within a metal. The shaded regions represent the net 
positive charge of the nucleus and the tightly bound inner electrons. 
The black dots represent the outer, or valence, electrons in the atom. 
It is these electrons that cannot be said to belong to any particular 
atom; instead, they have completely lost their individuality and can 
wander freely about from atom to atom in the metal. Thus a metal is 
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visualized as a region containing a periodic three-dimensional array of heavy, 
tightly bound ions permeated with a swarm of electrons that may move about 
quite freely. This picture is known as the electron-gas description of a metal. 

According to the electron-gas theory of a metal, the electrons are in 
continuous motion, the direction of flight being changed at each collision 
with the heavy (almost stationary) ions. The average distance between col- 
lisions is called the mean free path. Since the motion is random, then, on an 
average, there will be as many electrons passing through unit area in the metal 
in any direction as in the opposite direction in a given time. Hence the 
average current is zero. 

Let us now see how the situation is changed if a constant electric field 
& (volts per meter) is applied to the metal. As a result of this electrostatic 
force, the electrons would be accelerated and the velocity would increase 
indefinitely with time, were it not for the collisions with the ions. However, 
at each inelastic collision with an ion, an electron loses energy, and a steady- 
state condition is reached where a finite value of drift speed v is attained. 
This drift velocity is in the direction opposite to that of the electric field. 
The speed at a time ¢ between collision is at, where a = g&/m is the acceleration. 
Hence the average speed v is proportional to &. Thus 


v= y& (2-1) 


where uw (square meters per volt-second) is called the mobility of the electrons. 

According to the foregoing theory, a steady-state drift speed has been 
superimposed upon the random thermal motion of the electrons. Such a 
directed flow of electrons constitutes a current. We now calculate the magni- 
tude of the current. 


Current Density If N electrons are contained in a length L of conductor 
(Fig. 2-2), and if it takes an electron a time 7's to travel a distance of L m in 
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Fig. 2-2. Pertaining to the calculation of current N electrons 


density. A e 
—— 
the conductor, the total number of electrons passing through any cross section 


of wire in unit time is N/T. Thus the total charge per second passing any 
area, which, by definition, is the current in amperes, is 


(2-2) 


because L/T is the average, or drift, speed v m/s of the electrons. By definition, 
the current density, denoted by the symbol J, is the current per unit area of the 
conducting medium. That is, assuming a uniform current distribution, 


I 
=7 (2-3) 
where J is in amperes per square meter, and A is the cross-sectional area (in 
meters) of the conductor. This becomes, by Eq. (2-2), 


_ No 
~ LA 
From Fig. 2-2 it is evident that LA is simply the volume containing the N 


_ electrons, and so N/LA is the electron concentration n (in electrons per cubic 
meter). Thus 


J (2-4) 


N 
and Eq. (2-4) reduces to 
J = nq = pv (2-6) 


where p = nq is the charge density, in coulombs per cubic meter, and »v is in 
meters per second. 

This derivation is independent of the form of the conducting medium. 
Consequently, Fig. 2-2 does not necessarily represent a wire conductor. It 
may represent equally well a portion of a gaseous-discharge tube or a volume 
element of a semiconductor. Furthermore, neither p nor v need be constant, 
but may vary from point to point in space or may vary with time. 


Conductivity From Eqs. (2-6) and (2-1) 


J = nquv = nqué = o& (2-7) 
where 
o = ng (2-8) 


is the conductivity of the metal in (ohm-meter)—!. Equation (2-7) is recog- 
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nized as Ohm’s law, namely, the conduction current is proportional to the 
applied voltage. As already mentioned, the energy which the electrons acquire 
from the applied field is, as a result of collisions, given to the lattice ions. 
Hence power is dissipated within the metal by the electrons, and the power 
density (Joule heat) is given by J& = o&* (watts per cubic meter). 


2-2 ELECTRONS AND HOLES IN AN INTRINSIC SEMICONDUCTOR! 


From Eq. (2-8) we see that the conductivity is proportional to the concentra- 
tion n of free electrons. For a good conductor, n is very large (~1028 
electrons/m*) ; for an insulator, 7 is very small (~10’); and for a semiconductor, 
n lies between these two values. ‘The valence electrons in a semiconductor 
are not free to wander about as they are in a metal, but rather are trapped in a 

bond between two adjacent ions, as explained below. 


The Covalent Bond Germanium and silicon are the two most important 
semiconductors used in electronic devices. The crystal structure of these 
materials consists of a regular repetition in three dimensions of a unit cell 
having the form of a tetrahedron with an atom at each vertex. This structure 
is illustrated symbolically in two dimensions in Fig. 2-3. Germanium has a 
total of 32 electrons in its atomic structure, arranged in shells as indicated in 
Table 1-3. As explained in Sec. 1-7, each atom in a germanium crystal 
contributes four valence electrons, so that the atom is tetravalent. The inert 
ionic core of the germanium atom carries a positive charge of + 4 measured in 
units of the electronic charge. The binding forces between neighboring atoms 
result from the fact that each of the valence electrons of a germanium atom is 
shared by one of its four nearest neighbors. This electron-pair, or covalent, 
bond is represented in Fig. 2-3 by the two dashed lines which join each atom 
to each of its neighbors. The fact that the valence electrons serve to bind one 
atom to the next also results in the valence electron being tightly bound to the 
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Fig. 2-3 Crystal structure of germanium, 
illustrated symbolically in two dimensions. 
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Fig. 2-4 Germanium crystal with a 
broken covalent bond. 


nucleus. Hence, in spite of the availability of four valence electrons, the 
crystal has a low conductivity. 


The Hole At a very low temperature (say 0°K) the ideal structure of 
Fig. 2-3 is approached, and the crystal behaves as an insulator, since no free 
carriers of electricity are available. However, at room temperature, some of 
the covalent bonds will be broken because of the thermal energy supplied to the 
crystal, and conduction is made possible. This situation is illustrated in Fig. 
2-4. Here an electron, which for the far greater period of time forms part of a 
covalent bond, is pictured as being dislodged, and therefore free to wander in 
a random fashion throughout the crystal. The energy Eg required to break 
such a covalent bond is about 0.72 eV for germanium and 1.1 eV for silicon 
at room temperature. The absence of the electron in the covalent bond is 
represented by the small circle in Fig. 2-4, and such an incomplete covalent 
bond is called a hole. The importance of the hole is that it may serve as a 
carrier of electricity comparable in effectiveness with the free electron. 

The mechanism by which a hole contributes to the conductivity is quali- 
tatively as follows: When a bond is incomplete so that a hole exists, it is 
relatively easy for a valence electron in a neighboring atom to leave its covalent 
bond to fill this hole. An electron moving from a bond to fill a hole leaves a 
hole in its initial position. Hence the hole effectively moves in the direction 
opposite to that of the electron. This hole, in its new position, may now be 
filled by an electron from another covalent bond, and the hole will correspond- 
ingly move one more step in the direction opposite to the motion of the elec- 
tron. Here we have a mechanism for the conduction of electricity which does 
not involve free electrons. This phenomenon is illustrated schematically in 
Fig. 2-5, where a circle with a dot in it represents a completed bond, and an 
empty circle designates a hole. Figure 2-5a shows a row of 10 ions, with a 
broken bond, or hole, at ion 6. Now imagine that an electron from ion 7 
moves into the hole at ion 6, so that the configuration of Fig. 2-56 results. 
If we compare this figure with Fig. 2-5a, it looks as if the hole in (a) has 
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Fig. 2-5 The mechanism 
by which a hole contri-. 
butes to the conductivity. 


moved toward the right in (6) (from ion 6 to ion 7). This discussion indicates 
that the motion of the hole in one direction actually means the transport of a 
negative charge an equal distance in the opposite direction. So far as the flow 
of electric current is concerned, the hole behaves like a positive charge equal in 
magnitude to the electronic charge. We can consider that the holes are physi- 
cal entities whose movement constitutes a flow of current. The heuristic 
argument that a hole behaves as a free positive charge carrier may be justified 
by quantum mechanics.! An experimental verification of this concept is 
given in Sec. 2-6. 

In a pure (intrinsic) semiconductor the number of holes is equal to the 
number of free electrons. Thermal agitation continues to produce new hole- 
electron pairs, whereas other hole-electron pairs disappear as a result of 
recombination. The hole concentration p must equal the electron concentra- 
tion n, so that 


nr == Pp = NY; (2-9) 


where n; is called the intrinsic concentration. 


Effective Mass? We digress here briefly to discuss the concept of the 
effective mass of the electron and hole. It is found that, when quantum 
mechanics is used to specify the motion within the crystal of a free or conduc- 
tion electron or hole on which an external field is applied, it is possible to treat 
the hole and electron as imaginary classical particles with effective positive 
masses m, and m,, respectively. This approximation is valid provided that 
the externally applied fields are much weaker than the internal periodic fields 
produced by the lattice structure. In a perfect crystal these imaginary 
particles respond only to the external fields. 

A wave-mechanical analysis! shows that a bound or valence electron 
cannot be treated as a classical particle. This difficulty is bypassed by ignoring 
the bound electrons and considering only the motion of the holes. Insummary, 
the effective-mass approximation removes the quantum features of the problem 
and allows us to use Newton’s laws to determine the effect of external forces 
on the (free) electrons and holes within a crystal. 


2-3 DONOR AND ACCEPTOR IMPURITIES 


If, to intrinsic silicon or germanium, there is added a small percentage of 
trivalent or pentavalent atoms, a doped, impure, or extrinsic, semiconductor 
is formed. 
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Fig. 2-6 Crystal lattice with a germanium 
atom displaced by a pentavalent 
impurity atom. 


Donors If the dopant has five valence electrons, the crystal structure of 
Fig. 2-6 is obtained. The impurity atoms will displace some of the germanium 
atoms in the crystal lattice. Four of the five valence electrons will occupy 
covalent bonds, and the fifth will be nominally unbound and will be available 
as a carrier of current. The energy required to detach this fifth electron from 
the atom is of the order of only 0.01 eV for Ge or 0.05 eV for Si. Suitable 
pentavalent impurities are antimony, phosphorus, and arsenic. Such impu- 
rities donate excess (negative) electron carriers, and are therefore referred to as 
donor, or n-type, impurities. 

When donor impurities are added to a semiconductor, allowable energy 
levels are introduced a very small distance below the conduction band, as is 
shown in Fig. 2-7. These new allowable levels are essentially a discrete level 
because the added impurity atoms are far apart in the crystal structure, and 
hence their interaction is small. In the case of germanium, the distance of 
the new discrete allowable energy level is only 0.01 eV (0.05 eV in silicon) 
below the conduction band, and therefore at room temperature almost all the 
“fifth” electrons of the donor material are raised into the conduction band. 

If intrinsic semiconductor material is “doped” with n-type impurities, 
not only does the number of electrons increase, but the number of holes 
decreases below that which would be available in the intrinsic semiconductor. 
The reason for the decrease in the number of holes is that the larger number of 
electrons present increases the rate of recombination of electrons with holes. 


Fig. 2-7 Energy-band diagram of 
n-type semiconductor. 
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Fig. 2-8 Crystal lattice with a ger- 
manium atom displaced by an atom of a 
trivalent impurity. 


Acceptors If a trivalent impurity (boron, gallium, or indium) is added 
to an intrinsic semiconductor, only three of the covalent bonds can be filled, 
and the vacancy that exists in the fourth bond constitutes a hole. This 
situation is illustrated in Fig. 2-8. Such impurities make available positive 
carriers because they create holes which can accept electrons. These impurities 
are consequently known as acceptor, or p-type, impurities. The amount of 
impurity which must be added to have an appreciable effect on the conductivity 
is very small. For example, if a donor-type impurity is added to the extent 
of 1 part in 108, the conductivity of germanium at 30°C is multiplied by a 
factor of 12. 

When acceptor, or p-type, impurities are added to the intrinsic semi- 
conductor, they produce an allowable discrete energy level which is just above 
the valence band, as shown in Fig. 2-9. Since a very small amount of energy 
is required for an electron to leave the valence band and occupy the acceptor 
energy lovel, it follows that the holes generated in the valence band by these 
electrons constitute the largest number of carriers in the semiconductor 
material. 


The Mass-action Law We noted above that adding n-type impurities 
decreases the number of holes. Similarly, doping with p-type impurities 
decreases the concentration of free electrons below that in the intrinsic semi- 
conductor. A theoretical analysis (Sec. 2-12) leads to the result that, under 


Eg 


Acceptor energy level Fig. 2-9 Energy-band diagram of 
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thermal equilibrium, the product of the free negative and positive concentra- 
tions is a constant independent of the amount of donor and acceptor impurity 
doping. This relationship is called the mass-action law and is given by 


np =n? (2-10) 


The intrinsic concentration n; is a function of temperature (Sec. 2-5). 

We have the important result that the doping of an intrinsic semiconductor 
not only increases the conductivity, but also serves to produce a conductor in 
which the electric carriers are either predominantly holes or predominantly 
electrons. In an n-type semiconductor, the electrons are called the majority 
carriers, and the holes are called the minority carriers. In a p-type material, 
the holes are the majority carriers, and the electrons are the minority carriers. 


2-4 CHARGE DENSITIES IN A SEMICONDUCTOR 


Equation (2-10), namely, np = n,?, gives one relationship between the electron 
n and the hole p concentrations. These densities are further interrelated by 
the law of electrical neutrality, which we shall now state in algebraic form: 
Let Np equal the concentration of donor atoms. Since, as mentioned above, 
these are practically all ionized, Np positive charges per cubic meter are 
contributed by the donor ions. Hence the total positive-charge density is 
No+p. Similarly, if N4 is the concentration of acceptor ions, these contrib- 
ute N4 negative charges per cubic meter. The total negative-charge density 
is Na +n. Since the semiconductor is electrically neutral, the magnitude of 
the positive-charge density must equal that of the negative concentration, or 


No+p=Nat+n (2-11) 


Consider an n-type material having Na = 0. Since the number of elec- 
trons is much greater than the number of holes in an n-type semiconductor 
(n > p), then Eq. (2-11) reduces to 


n = Np (2-12) 


In an n-type material the free-electron concentration 1s approximately equal to 
the density of donor atoms. 

In later applications we study the characteristics of n- and p-type materials 
connected together. Since some confusion may arise as to which type is under 
consideration at a given moment, we add the subscript n or p for an n-type or a 
p-type substance, respectively. Thus Eq. (2-12) is more clearly written 


ln ~ Nob (2-13) 


The concentration p, of holes in the n-type semiconductor is obtained from 
Eq. (2-10), which is now written n,p, = n;?. Thus 


(2-14) 
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Similarly, for a p-type semiconductor, 


ne 


~ Na 


It is possible to add donors to a p-type crystal or, conversely, to add 
acceptors to n-type material. If equal concentrations of donors and acceptors 
permeate the semiconductor, it remains intrinsic. The hole of the acceptor 
combines with the conduction electron of the donor to give no additional free 
carriers. Thus, from Eq. (2-11) with Np = Na, we observe that p = n, and 
from Eq. (2-10), n? = n,?, or n = n; = the intrinsic concentration. 

An extension of the above argument indicates that if the concentration 
of donor atoms added to a p-type semiconductor exceeds the acceptor concen- 
tration (Vp > Na), the specimen is changed from a p-type to an n-type semi- 
conductor. [In Eqs. (2-13) and (2-14) Np should be replaced by Np — Na.] 


NpDp = 12? Dp ~ Na Np (2-15) 


2-5 ELECTRICAL PROPERTIES OF GE AND SI 


A fundamental difference between a metal and a semiconductor is that the 
former is unipolar [conducts current by means of charges (electrons) of one 
sign only], whereas a semiconductor is bipolar (contains two charge-carrying 
“particles” of opposite sign). 


Conductivity One carrier is negative (the free electron), of mobility un, 
and the other is positive (the hole), of mobility u». These particles move in 
opposite directions in an electric field &, but since they are of opposite sign, the 
current of each is in the same direction. Hence the current density J is 
given by (Sec. 2-1) 


J = (Nitn + Pup) g& = o& (2-16) 


where n = magnitude of free-electron (negative) concentration 
p = magnitude of hole (positive) concentration 
o = conductivity 


Hence o = (nun + pup) (2-17) 


For the pure semiconductor, n = p = n;, where n; is the intrinsic concentration. 


Intrinsic Concentration With increasing temperature, the density of hole- 
electron pairs increases and, correspondingly, the conductivity increases. In 
Sec. 19-5 it is found that the intrinsic concentration n; varies with T' as 


ne = A,T%e—Faolk? (2-18) 


where Ego is the energy gap at 0°K in electron volts, k is the Boltzman constant 
in eV /°K (Appendix A),and A, is a constant independent of 7. The constants 
Eco, Mn) Hp, and many other important physical quantities for germanium and 
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TABLE 2-1 Properties of germanium and silicont 


Property Ge Si 
Atomic number........... eens 32 14 
Atomic weight...................04. 72.6 28.1 
Density, g/em®...................05. §.32 2.33 
Dielectric constant (relative)..........] 16 12 
Atoms/em?..........0 0.000000 eee 4.4 XK 1072 5.0 X 102? 
Ego, eV, at OPK... 020. 1.21 
Ee, eV, at 300°K.... 0... ee, 1.1 
n; at 300°K, em=3..... 0... ee 1.5 X 10'9 
Intrinsic resistivity at 300°K, Q-cm.... 230, 000 
Hn, cm?/V-s at 300°K................ 1,300 
Hp, cm?/V-s at 800°K... 0.0... 500 
Da, em?/S = paVer.. oe eee 34 
Dz, om?/s = ppVr... i ee 13 


7G. L. Pearson and W. H. Brattain, History of Semiconductor 
Research, Proc. IRE, vol. 43, pp. 1794-1806, December, 1955. E. M. 
Conwell, Properties of Silicon and Germanium, Part II, Proce. TRE, vol. 
46, no. 6, pp. 1281-1299, June, 1958. 


silicon are given in Table 2-1. Note that germanium has of the order of 107? 
atoms/cm’, whereas at room temperature (800°K), n; ~ 10!3/em*. Hence 
only 1 atom in about 10° contributes a free electron (and also a hole) to the 
crystal because of broken covalent bonds. For silicon this ratio is even smaller, 
about 1 atom in 10 


The Energy Gap The forbidden region Hg in a semiconductor depends 
upon temperature, as pointed out in Sec. 1-7. Experimentally it is found that, 
for silicon,’ 


E<(T) = 1.21 — 3.60 X 10-‘T (2-19) 
and at room temperature (300°K), Eg = 1.1 eV. Similarly, for germanium,‘ 
E,(T) = 0.785 — 2.23 X 10-‘T (2-20) 


and at room temperature, Eg = 0.72 eV. 


The Mobility This parameter yu varies’ as T—™ over a temperature range 
of 100 to 400°K. For silicon, m = 2.5 (2.7) for electrons (holes), and for 
germanium, m = 1.66 (2.33) for electrons (holes). The mobility is also found* 
to be a function of electric field intensity and remains constant only if & < 10 
V/cm in n-type silicon. For 103 < & < 104 V/cm, un varies approximately as 
&-?, For higher fields, », is inversely proportional to & and the carrier speed 
approaches the constant value of 10’ cm/s. . 
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EXAMPLE (a) Using Avogadro’s number, verify the numerical value given in 
Table 2-1 for the concentration of atoms in germanium. (6) Find the resistivity 
of intrinsic germanium at 300°K. (c) If a donor-type impurity is added to the 
extent of 1 part in 108 germanium atoms, find the resistivity. (d) If germanium 
were a monovalent metal, find the ratio of its conductivity to that of the n-type 
semiconductor in part c. 


Solution a. A quantity of any substance equal to its molecular weight in grams 
is a mole of that substance. Further, a mole of any substance contains the same 
number of molecules as a mole of any other material. This number is called 
Avogadro’s number and equals 6.02 X 103 molecules per mole (Appendix A). 
Thus, for monatomic germanium (using Table 2-1), 


. toms 32 
Concentration = 6.02 x 1923 SLOMs x 1 mole . 5.32 g = 4.4] x 1022 atoms 
mole 72.6 2 em? cm? 


b. From Eq. (2-17), with n = p = ni, 


2 
o = niQlitn + Mp) = (2.5 X 10! em-*)(1.60 X 10-19 C)(3,800 + 1,800) v2 
-8 

= 0.0224 (Q-cm)7! 


Resistivity < 1 = 1 = 44.6 acm 
¢ 0.0224 


in agreement with the value in Table 2-1. 


c. If there is 1 donor atom per 108 germanium atoms, then Np = 4.41 & 10% 
atoms/cm’. From Kq. (2-12) n = Np and from Eq. (2-14) 


=i = MEA = 1.42 x 10!2 holes/cm? 
P“N, 441 X10" oles/ 


Since n> p, we can neglect p in calculating the conductivity. From Eq. (2-17) 
o = NQun = 4.41 XK 1014 X 1.60 X 10719 XK 3,800 = 0.268 (Q-cm)=} 


The resistivity = 1/o = 1/0.268 = 3.72 Q-cm. 

Nore: The addition of 1 donor atom in 108 germanium atoms has multiplied 
the conductivity by a factor of 44.6/3.72 = 11.7. 

d. If each atom contributed one free electron to the “metal,” then 


4.41 X 102? electrons/cm? 


3 
I 


and 


4.41 & 107? X 1.60 x 107!® & 3,800 
2.58 & 107 (Q-em)~? 


Q 
li 


Ng ben 


Hence the conductivity of the “metal” is higher than that of the n-type semi- 
conductor by a factor of 
2.58 X 107 
0.268 


= 108 
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2-6 THE HALL EFFECT 


If a specimen (metal or semiconductor) carrying a current | is placed in a 
-- transverse magnetic field B, an electric field & is induced in the direction per- 


pendicular to both | and B. This phenomenon, known as the Hall effect, is 
used to determine whether a semiconductor is n- or p-type and to find the 
carrier concentration. Also, by simultaneously measuring the conductivity o, 
the mobility u can be calculated. 

The physical origin of the Hall effect is not difficult to find. If in Fig. 
2-10 | is in the positive X direction and B is in the positive Z direction, a force 


_ will be exerted in the negative Y direction on the current carriers. The 


current | may be due to holes moving from left to right or to free electrons 


_ traveling from right to left in the semiconductor specimen. Hence, inde- 


pendently of whether the carriers are holes or electrons, they will be forced 
downward toward side 1 in Fig. 2-10. If the semiconductor is n-type material, 
so that the current is carried by electrons, these electrons will accumulate on 
side 1, and this surface becomes negatively charged with respect to side 2. 
Hence a potential, called the Hall voltage, appears between surfaces 1 and 2. 
If the polarity of Vz is positive at terminal 2, then, as explained above, the 
carriers must be electrons. If, on the other hand, terminal 1 becomes charged 
positively with respect to terminal 2, the semiconductor must be p-type. 


_ These results have been verified experimentally, thus justifying the bipolar 


(two-carrier) nature of the current in a semiconductor. 

If | is the current in a p-type semiconductor, the carriers might be con- 
sidered to be the bound electrons jumping from right to left. Then side 1 
would become negatively charged. However, experimentally, side 1 is found 
to become positive with respect to side 2 for a p-type specimen. This experi- 
ment confirms the quantum-mechanical fact noted in Sec. 2-2 that the hole 
acts like a classical free positive-charge carrier. 


Experimental Determination of Mobility In the equilibrium state the 
electric field intensity & due to the Hall effect must exert a force on the carrier 
which just balances the magnetic force, or 


g& = Ba (2-21) 


where q is the magnitude of the charge on the carrier, and v is the drift speed. 
From Eq. (1-3), 6 = Vy/d, where d is the distance between surfaces 1 and 2. 


Fig. 2-10 Pertaining to the Hall effect. © 
The carriers (whether electrons or holes) 
are subjected to a magnetic force in the 


negative Y direction. 
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Froth Eq, (2-6), J = pv = I/wd, where J is the current density, p is the charge 
density, and w is the width of the specimen in the direction of the magnetic 
field. Combining these relationships, we find 


Va = &d = Bod = — = — (2-22) 
If Vz, B, I, and w are measured, the charge density p can be determined from 


Eq. (2-22). 
It is customary to introduce the Hall coefficient Ry defined by 


Ry=t (2-23) 
p 
V 
Hence Ry = “ar (2-24) 


If conduction is due primarily to charges of one sign, the conductivity o 
is related to the mobility u by Eq. (2-8), or 


o = pp (2-25) 


If the conductivity is measured together with the Hall coefficient, the mobility 
can be determined from 


ph = oRy (2-26) 


We have assumed in the foregoing discussion that all particles travel with 
the mean drift speed v. Actually, the current carriers have a random thermal 
distribution in speed. If this distribution is taken into account, it is found 
that Eq. (2-24) remains valid provided that Ry is defined by 37/8p. Also, 
Eq. (2-26) must be modified to n = (80/37) Ru. 


Applications Since Vz is proportional to B (for a given current J), then 
the Hall effect has been incorporated into a magnetic field meter. Another 
instrument, called a Hall-effect multiplier, is available to give an output 
proportional to the product of two signals. If J is made proportional to one 
of the inputs and if B is linearly related to the second signal, then, from Eq. 
(2-22), Vz is proportional to the product of the two inputs. 


2-7 CONDUCTIVITY MODULATION 


Since the conductivity o of a semiconductor is proportional to the concentration 
of free carriers [Eq. (2-17)], « may be increased by increasing n or p. The two 
most important methods for varying n and p are to change the temperature 
or to illuminate the semiconductor and thereby generate new hole-electron 
pairs. 
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Thermistors The ednduetivity of germanium (silicon) is found from Eq. 
(2-18) to increase approximately 6 (8) percent per degree increase in tempera- 
ture. Such a large change in conductivity with temperature places a limitation 
upon the use of semiconductor devices in some circuits. On the other hand, . 
for some applications it is exactly this property of semiconductors that is used 
to advantage. A semiconductor used in this manner is called a thermistor. 
Such a device finds extensive application in thermometry, in the measurement 
of microwave-frequency power, as a thermal relay, and in control devices 
actuated by changes in temperature. Silicon and germanium are not used as 
thermistors because their properties are too sensitive to impurities. Com- 
mercial thermistors consist of sintered mixtures of such oxides as NiO, Mn.Os, 
and Co203. 

The exponential decrease in resistivity (reciprocal of conductivity) of a 
_ semiconductor should be contrasted with the small and almost linear increase 
in resistivity of a metal. An increase in the temperature of a metal results in 
greater thermal motion of the ions, and hence decreases slightly the mean free 
path of the free electrons. The result is a decrease in the mobility, and hence in 
conductivity. For most metals the resistance increases about 0.4 percent/°C 
increase in temperature. It should be noted that a thermistor has a negative 
coefficient of resistance, whereas that of a metal is positive and of much smaller 
magnitude. By including a thermistor in a circuit it is possible to compen- 
sate for temperature changes over a range as wide as 100°C. 

A heavily doped semiconductor can exhibit a positive temperature coeffi- 
cient of resistance, for under these circumstances the material acquires metallic 
properties and the resistance increases because of the decrease in carrier 
mobility with temperature. Such a device, called a sensistor (manufactured by 
Texas Instruments), has a temperature coefficient of resistance of +0.7 
percent/°C (over the range from —60 to +150°C). 


Photoconductors If radiation falls upon a semiconductor, its conductivity 
increases. This photoconductive effect is explained as follows: Radiant energy 
supplied to the semiconductor ionizes covalent bonds; that is, these bonds are 
broken, and hole-electron pairs in excess of those generated thermally are 
created. These increased current carriers decrease the resistance of the 
material, and hence such a device is called a photoresistor, or photoconductor. 
For a light-intensity change of 100 fe,f the resistance of a commercial photo- 
conductor may change by several kilohms. 

In Fig. 2-11 we show the energy diagram of a semiconductor having both 
acceptor and donor impurities. If photons of sufficient energies illuminate 
this specimen, photogeneration takes place and the following transitions are 
possible: An electron-hole pair can be created by a high-energy photon, in 
what is called intrinsic excitation; a photon may excite a donor electron into the 
conduction band; or a valence electron may go into an acceptor state. The 


} fc is the standard abbreviation for foot-candle. 
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Donor level Fig. 2-11 Photoexcitation in 


semiconductors. (1) is intrinsic 
whereas (2) and (3) are extrinsic 


excitations. 
Acceptor level 


last two transitions are known as impurity excitations. Since the density of 
states in the conduction and valence bands greatly exceeds the density of 
impurity states, photoconductivity is due principally to intrinsic excitation. 


Spectral Response The minimum energy of a photon required for 
intrinsic excitation is the forbidden-gap energy Eg (electron volts) of the semi- 
conductor material. The wavelength \, of a photon whose energy corresponds 
to Eg is given by Eq. (1-14), with #; — E, = Eg. If, is expressed in micronst 
and Eg in electron volts, 


1.24 
Ae = Eo (2-27) 


If the wavelength ) of the radiation exceeds \,, then the energy of the photon is 
less than Eg and such a photon cannot cause a valence electron to enter the 
conduction band. Hence \, is called the critical, or cutoff, wavelength, or long- 
wavelength threshold, of the material. For Si, Eg = 1.1 eV and \, = 1.13 um, 
whereas for Ge, Eg = 0.72 eV and d, = 1.73 um at room temperature (Table 
2-1). 

The spectral-sensitivity curves for Si and Ge are plotted in Fig. 2-12, 
indicating that a photoconductor is a frequency-selective device. This means 


t+ 1 micron = 1 micrometer = 1 ym = 10-6 m. 


Fig. 2-12 Relative spectral re- 
sponse of Si and Ge. (Courtesy 
of Texas Instruments, Inc.) 


Relative response, % 


0.5 0.9 1.3 1.7 
Wavelength, um 
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that a given intensity of light of one wavelength will not generate the same 
number of free carriers as an equal intensity of light of another wavelength. 
In other words, the photoelectric yield, or spectral response, depends upon the 
frequency of the incident radiation. Note that the long-wavelength limit is 
slightly greater than the values of \, calculated above, because of the impurity 
excitations. As the wavelength is decreased (A < \. or f > f.), the response 
increases and reaches a maximum. The range of wavelengths of visible light 
(0.38 to 0.76 um) is indicated by the shaded region in Fig. 2-12. 


Commercial Photoconductive Cells There are three important types of 
applications of such a device: It is used (1) to measure a fixed amount of illumi- 
nation (as with light meter), (2) to record a modulating light intensity (as on a 
sound track), and (3) as an on-oF F light relay (as in a digital or control circuit). 

The photoconducting device with the widest application is the cadmium 
sulfide cell. The sensitive area of this device consists of a layer of chemically 
deposited CdS, which may-contain a small amount of silver, antimony, or 
indium impurities. In absolute darkness the resistance may be as high as 2 M, 
and when stimulated with strong light, the resistance may be less than 10 2. 

The primary advantages of CdS photoconductors are their high dissipation 
capability, their excellent sensitivity in the visible spectrum, and their low 
resistance when stimulated by light. These photoconductors are designed to 
dissipate safely 300 mW, and can be made to handle safely power levels of 
several watts. Hence a CdS photoconductor can operate a relay directly, with- 
out intermediate amplifier circuits. 

Other types of photoconductive devices are available for specific applica- 
tions. A lead sulfide, PbS, cell has a peak on the sensitivity curve at 2.9 um, 
and hence is used for infrared-detection or infrared-absorption measurements. 
A selenium cell is sensitive throughout the visible end, and particularly toward 
the blue end of the spectrum. 


2-8 GENERATION AND RECOMBINATION OF CHARGES 


In Sec. 2-2 we see that in a pure semiconductor the number of holes is equal 
to the number of free electrons. Thermal agitation, however, continues to 
generate g new hole-electron pairs per unit volume per second, while other 
hole-electron pairs disappear as a result of recombination; in other words, 
free electrons fall into empty covalent bonds, resulting in the loss of a pair of 
mobile carriers. On an average, a hole (an electron) will exist for 7p(7,) s 
before recombination. This time is called the mean lifetime of the hole and 
electron, respectively. These parameters are very important in semiconductor 
devices because they indicate the time required for electron and hole concen- 
trations which have been caused to change to return to their equilibrium 
concentrations. 
Consider a bar of n-type silicon containing the thermal-equilibrium con- 
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Fig. 2-13 The hole 
(minority) concentration 


p= p,+ pide/7> in an n-type semiconductor 
bar as a function of time, 

P, due to generation and 

recombination. 


t’ 0 t 


Light Light 
turned on turned off 


centration p, and n.. Assume that at ¢ = ¢’ the specimen is illuminated 
(Fig. 2-13) and that additional hole-electron pairs are generated uniformly 
throughout the crystal. An equilibrium situation is reached, and the new 
concentrations are p and 7 under the influence of the radiation. The photo- 
injected, or excess, concentration is p — p. for holes and % — n, for electrons. 
Since the radiation causes hole-electron pairs to be created, then clearly, 


p — Do = n — No (2-28) 


Although the increase in hole concentration p equals that for the electron 
density n, the percentage increase for electrons in an n-type semiconductor 
(where electrons are plentiful) is very small. On the other hand, the percent- 
age increase in holes may be tremendous, because holes are scarce in an n-type 
crystal. In summary, the radiation affects the majority concentration hardly 
at'all, and therefore we shall limit the discussion to the behavior of the minority 
carriers, 

After a steady state is reached, at ¢ = 0 in Fig. 2-13, the radiation is 
removed. We shall now demonstrate that the excess carrier density returns 
to zero exponentially with time. To do so we must derive the differential 
equation which governs the hole concentration as a function of time for t > 0 
(when there is no external excitation). 

From the definition of mean lifetime 7, and assuming that r, 1s independent 
of the magnitude of the hole concentration, 


P — decrease in hole concentration per second 


Tp due to recombination (2-29) 
From the definition of the generation rate, 


g = increase in hole concentration per second 
due to thermal generation (2-30) 


Since charge can neither be created nor destroyed, there must be an increase 
in hole concentration per second of amount dp/dt. This rate must, at every 
instant of time, equal the algebraic sum of the rates given in Eqs. (2-29) and 
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_ ?P (2-31) 
Tp 

Under steady-state conditions, dp/dt = 0, and with no radiation falling on the 

sample, the hole concentration p reaches its thermal-equilibrium value py. 

Hence g = p,/rp, and the above equation becomes 


dp _ Pop 

oe 2-32 

dt Tp (2-32) 
The excess, or injected, carrier density p’ is defined as the increase in minority 
concentration above the equilibrium value. Since p’ is a function of time, then 


p’ = p — po = p'(t) (2-33) 
It follows from Eq. (2-32) that the differential equation controlling p’ is 
nr (2-34) 


The rate of change of excess concentration is proportional to this concen- 
tration—an intuitively correct result. The minus sign indicates that the 
change is a decrease in the case of recombination and an increase when the. 
concentration is recovering from a temporary depletion. 

Since the radiation results in an initial (at t < 0) excess concentration 
p'(0) = 6 — p, and then this excitation is removed, the solution of Eq. (2-34) 
for i > Ois 


p’ (t) = p’ (O)e"!» = (p —~ Poe t!*» =p) — Po (2-35) 


The excess concentration decreases exponentially to zero (p’ = 0 or p = Do) 
with a time constant equal to the mean lifetime rp, as indicated in Fig. 2-13. 
The pulsed-light method indicated in this figure is used to measure Tp. 


Recombination Centers Recombination is the process where an electron 
moves from the conduction band into the valence band so that a mobile 
electron-hole pair disappear. Classical mechanics requires that momentum 
be conserved in an encounter of two particles. Since the momentum is zero 
after recombination, this conservation law requires that the “colliding” elec- 
tron and hole must have equal magnitudes of momentum and they must be 
traveling in opposite directions. This requirement is very stringent, and 
hence the probability of recombination by such a direct encounter is very 
small. 

The most important mechanism in silicon or germanium through which 
holes and electrons recombine is that involving traps, or recombination centers,° 
which contribute electronic states in the energy gap of the semiconductor. 
Such a location acts effectively as a third body which can satisfy the conserva- 
tion-of-momentum requirement. These new states are associated with imper- 
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fections in the crystal. Specifically, metallic impurities in the semiconductor/ 
are capable of introducing energy states in the forbidden gap. Recombination 
is affected not only by volume impurities but also by surface imperfections 
in the crystal. 

Gold is extensively used as a recombination agent by semiconductor- 
device manufacturers. Thus the device designer can obtain desired carrier 
lifetimes by introducing gold into silicon under controlled conditions.® Carrier 
lifetimes range from nanoseconds (1 ns = 10~°s) to hundreds of microseconds 


(us). 


2-9 DIFFUSION 


In addition to a conduction current, the transport of charges in a semiconductor 
may be accounted for by a mechanism called diffusion, not ordinarily encoun- 
tered in metals. The essential features of diffusion are now discussed. 

It is possible to have a nonuniform concentration of particles in a semi- 
conductor. As indicated in Fig. 2-14, the concentration p of holes varies with 
distance x in the semiconductor, and there exists a concentration gradient, 
dp/dx, in the density of carriers. The existence of a gradient implies that 
if an imaginary surface (shown dashed) is drawn in the semiconductor, the 
density of holes immediately on one side of the surface is larger than the 
density on the other side. The holes are in a random motion as a result of 
their thermal energy. Accordingly, holes will continue to move back and 
forth across this surface. We may then expect that, in a given time interval, 
more holes will cross the surface from the side of greater concentration to the 
side of smaller concentration than in the reverse direction. This net transport 
of holes across the surface constitutes a current in the positive X direction. 
It should be noted that this net transport of charge is not the result of mutual 
repulsion among charges of like sign, but is simply the result of a statistical 
phenomenon. This diffusion is exactly analogous to that which occurs in a 
neutral gas if a concentration gradient exists in the gaseous container. The 
diffusion hole-current density J, (amperes per square meter) is proportional 


p(0) P(x) 


Jp 
Fig. 2-14 A nonuniform concentration p(z) results in a 
diffusion current J>. 
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to the concentration gradient, and is given by 


d ~ 

Jp = —qDy (2-36) 
where D, (square meters per second) is called the diffusion constant for holes. 
Since p in Fig. 2-14 decreases with increasing x, then dp/dz is negative and 
the minus sign in Eq. (2-36) is needed, so that J, will be positive in the positive 
_ X direction. A similar equation exists for diffusion electron-current density 
[p is replaced by n, and the minus sign is replaced by a plus sign in Eq. (2-36)]. 


Einstein Relationship Since both diffusion and mobility are statistical 
thermodynamic phenomena, D and yu are not independent. The relationship 
between them is given by the Einstein equation (Eq. 19-59) 

D, _D 


—=Vpr (2-37) 
Mp Mn 


where V7 is the “‘volt-equivalent of temperature,” defined by 


Ve = q 11,600 288) 
where & is the Boltzmann constant in joules per degree Kelvin. Note the 
distinction between k and k; the latter is the Boltzmann constant: in electron 
volts per degree Kelvin. (Numerical values of & and k are given in Appen- 
dix A. From Sec. 1-3 it follows that & = 1.60 X 10-%.) At room tempera- 
ture (300°K), Vr = 0.026 V, and » = 39D. Measured values of u and com- 
puted values of D for silicon and germanium are given in Table 2-1. 


Total Current It is possible for both a potential gradient and a concentra- 
tion gradient to exist simultaneously within a semiconductor. In such a 
situation the total hole current is the sum of the drift current [Eq. (2-7), with 
n replaced by p] and the diffusion current [Eq. (2-36)], or 


q 
Jo = qWep& — Wy - (2-39) 
Similarly, the net electron current is 
dn 
Jn = Qunn& + gD, dz (2-40) 
2-10 THE CONTINUITY EQUATION 


In Sec. 2-8 it was seen that if we disturb the equilibrium concentrations of 
carriers in a semiconductor material, the concentration of holes or electrons 
(which is constant throughout the crystal) will vary with time. In the general 
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Pp holes/m? 


Area A 
Fig. 2-15 Relating to the conservation of 
I,+dI, charge. 


x x+dx 


case, however, the carrier concentration in the body of a semiconductor is a 
function of both time and distance. We now derive the differential equation 
which governs this functional relationship. This equation is based on the 
fact that charge can be neither created nor destroyed, and hence is an extension 
of Eq. (2-31). 

Consider the infinitesimal element of volume of area A and length dx 
(Fig. 2-15) within which the average hole concentration is p. Assume that 
the problem is one-dimensional and that the hole current J, is a function of z. 
If, as indicated in Fig. 2-15, the current entering the volume at z is J, at time 
t and leaving at x + dx is I, + dI, at the same time ¢, there must be dl, 
more coulombs per second leaving the volume than entering it (for a positive 
value of dZ,). Hence the decrease in number of coulombs per second within 
the volume is dJ,. Since the magnitude of the carrier charge is q, then dI,/q 
equals the decrease in the number of holes per second within the elemental 
volume A dx. Remembering that the current density J, = I,/A, we have 


idl, i ad'y = decrease in hole concentration (holes per unit 


volume) per second, due to current J, (2-41) 


From Eq. (2-30) we know that there is an increase per second of g = p./T» holes 
per unit volume due to thermal generation, and from Eq. (2-29) a decrease 
per second of p/r, holes per unit volume because of recombination. Since 
charge can neither be created nor destroyed, the increase in holes per unit 
volume per second, dp/dt, must equal the algebraic sum of all the increases 
listed above, or 


op _ Po — P lod, (2-42) 


(Since both p and J, are functions of both ¢ and x, then partial derivatives 
are used in this equation.) 

The continuity equation is applied to a specific physical problem in the 
following section and is discussed further in Sec. 19-9. Equation (2-42) is 
called the law of conservation of charge, or the continuity equation for charge. 
This law applies equally well for electrons, and the corresponding equation is 
obtained by replacing p by n in Eq. (2-42). 
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2-11 INJECTED MINORITY-CARRIER CHARGE 


Consider the physical situation pictured’ in Fig. 2-16a. A long semiconductor 
bar is doped uniformly with donor atoms so that the concentration n = Np 
is independent of position. Radiation falls upon the end of the bar at x = 0. 
Some of the photons are captured by the bound electrons in the covalent bonds 
near the illuminated surface. As a result of this energy transfer, these bonds 
are broken and hole-electron pairs are generated. Let us investigate how the 
steady-state minority-carrier concentration p varies with the distance z into 
the specimen. 

We shall make the reasonable assumption that the injected minority con- 
centration is very small compared with the doping level; that is, p’ <n. 
The statement that the minority concentration is much smaller than the 
majority concentration is called the low-level injection condition. Since the 
drift current is proportional to the concentration [Eq. (2-16)] and since 
p =p’ +p. Kn, we shall neglect the hole drift current (but not the electron 
drift current) and shall assume that J, is due entirely to diffusion. This 
assumption is justified at the end of this section. The controlling differential 
equation for p is 


ap Pp — Po . 
dx? Dap (2-43) 


This equation is obtained by substituting Eq. (2-36) for the diffusion current 
into the equation of continuity [Eq. (2-42)] and setting dp/dt = 0 for steady- 
state operation. Defining the diffusion length for holes L, by 


Ly = (Dzr»)* (2-44) 


Fig. 2-16 (a) Light falls upon 


th d f i tor 
e end of a long semiconducto Radiation 


bar. This excitation causes 


hole-electron pairs to be in- 


x=0 Distance, x ——> 
4 


jected atz = 0. (b) The hole (a) 


(minority) concentration p(z) in 


the bar as a function of dis- p(x) = p_ +p'(0)e-*/Ep 


tance x from the end of the 


Injected or 
excess hole 
concentration 


specimen. The injected concen- p'(0)|.\ 
tration is p’(z) = p(x) — Do. 
The radiation injects p’(0) 
carriers/m? into the bar at 


xz = 0. [Not drawn to scale Distance 
since p'(0) > po.] (b) 


\ 
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the differential equation for the injected hole concentration p’ = p — po 
becomes 


dp’ _ p’ 


The solution of this equation is 
p’ (x) = Kye7?!4 + K.¢t#!Ls (2-46) 


where K, and K, are constants of integration. Consider a very long piece of 
semiconductor extending from z = 0 in the positive X direction. Since the 
concentration cannot become infinite as x > ©, then Ky must be zero. We 
shall assume that at x = 0 the injected concentration is p’(0). To satisfy 
this boundary condition, K; = p’(0). Hence 


p(x) = p'(O)e*/2> = p(x) — Do (2-47) 


The hole concentration decreases exponentially with distance, as indicated 
in Fig. 2-16b. We see that the diffusion length LZ, represents the distance 
into the semiconductor at which the injected concentration falls to 1/e of 
its value at x = 0. In Sec. 19-9 it is demonstrated that L, also represents 
the average distance that an injected hole travels before recombining with an 
electron. ; 


Diffusion Currents The minority (hole) diffusion current is J, = Ad>, 
where A is the cross section of the bar. From Eqs. (2-36) and (2-47) 


; 
1,(0) = 89? 20'0) cain, = 492 ty (0) — pijer*l™ (2-48) 
Ly Ly 

This current falls exponentially with distance in the same manner that the 
minority-carrier concentration decreases. This result is used to find the 
current in a semiconductor diode (Sec. 3-3). 

The majority (electron) diffusion current is AqgD, dn/dz. Assuming that 
electrical neutrality is preserved under low-level injection, then n’ = p’, or 


Nn—N =P — Po (2-49) 


Since the thermal-equilibrium concentrations n, and p, are independent of the 
position z, then 


dn _ dp 
da dz (2-50) 
Hence the electron diffusion current is 
dn _ dp _— _ D, 
AqD,, ic 7 AqD,, dc D,?? (2-51) 


where I, = —AqD, dp/dzx = the hole diffusion current. The dependence of 
the diffusion current upon z is given in Eq. (2-48). The magnitude of the 
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ratio of majority to minority diffusion current is D,/D, ~ 2 for germanium 
and ~ 3 for silicon (Table 2-1). 


| Drift Currents Since Fig. 2-16a represents an open-circuited bar, the 
4 resultant current (the sum of hole and electron currents) must be zero every- 
where. Hence a majority (electron) drift current J,q must exist such. that 


I, + (10 — Pals ‘) =0 (2-52) 
or 
Ine = ( _ 1) L, (2-53) 


From Eq. (2-48) we see that the electron drift current also decreases expo- 
- nentially with distance. 
- It is important to point out that an electric field & must exist in the bar 
» - in order for a drift current to exist. This field is created internally by the 
injected carriers. From Eqs. (2-7) and (2-53) 


1 D, 


The results obtained in this section are based on the assumption that the 
hole drift current I,¢ is zero. Using Eq. (2-7), with n replaced by p, the 
next approximation for this current is 


Int = Agnus = 2H CF _ 1) I, (2-55) 
p 


+ Since p <n, then Ing <«TI,. The hole drift current is negligible compared 
with the hole diffusion current, thus justifying the assumption that the injected 
minority-carrier current, under low-level injection, is essentially a diffusion 
current. 


2-12 THE POTENTIAL VARIATION WITHIN 
A GRADED SEMICONDUCTOR 


Consider a semiconductor (Fig. 2-17a) where the hole concentration p is 
a function of xz; that is, the doping is nonuniform, or graded.? Assume a 
steady-state situation and zero excitation; that is, no carriers are injected 
into the specimen from any external source. With no excitation there can be 
no steady movement of charge in the bar, although the carriers possess random 
motion due to thermal agitation. Hence the total hole current must be zero. 
(Also, the total electron current must be zero.) Since p is not constant, we 
expect a nonzero hole diffusion current. In order for the total hole current to 
vanish there must exist a hole drift current which is equal and opposite to the 
diffusion current. However, a conduction current requires an electric field, 
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Fig. 2-17 (a) A graded 

semiconductor: p(x) is not 
Junction constant. (b) One portion 
is doped uniformly with 
acceptor ions and the other 
section is doped uniformly 
with donor ions so that a 
metallurgical junction is 


formed. A contact poten- 


tial V, appears across this 
step-graded p-n junction. 


and hence we conclude that, as a result of the nonuniform doping, an electric 
field is generated within the semiconductor. We shall now find this field 
and the corresponding potential variation throughout the bar. 

Setting J, = Oin Eq. (2-39) and using the Einstein relationship D, = upVr 
[Eq. (2-37)], we obtain 


. Vr dp 
&= aE (2-56) 


If the doping concentration p(x) is known, this equation allows the built-in 
field &(z) to be calculated. From & = —dV/dzx we can calculate the potential 
variation. Thus 


dV = — Vr—- (2-57) 


If this equation is integrated between 21, where the concentration is pi and 
the potential is V; (Fig. 2-17a), and x2, where p = p,and V = Va, the result is 


Vn =V2—-Vi = Vr ne (2-58) 
2 


Note that the potential difference between two points depends only upon the 
concentrations at these two points and is independent of their separation 
2. — 21. Equation (2-58) may be put in the form 


Pi = pre" nl Vr (2-59) 


This is the Boltzmann relationship of kinetic gas theory. 


Mass-action Law Starting with J, = 0 and proceeding as above, the 
Boltzmann equation for electrons is obtained. 


ny = noe ValVr (2-60) 
Multiplying Eqs. (2-59) and (2-60) gives 
Nipi = NePe (2-61) 
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This equation states that the product np is a constant independent of x, and 


hence of the amount of doping, under thermal equilibridm. For an intrinsic 
semiconductor, n = p = n, and hence 
np = n;? (2-10) 


which is the law of mass action introduced in Sec. 2-3. An alternative proof 
is given in Sec. 19-5. 


An Open-circuited Step-graded Junction Consider the special case 
indicated in Fig. 2-17b. The left half of the bar is p-type with a constant con- 
centration N4, whereas the right-half is n-type with a uniform density Np. 


‘The dashed plane is a metallurgical (p-n) junction separating the two sec- 
- tions with different concentration. This type of doping, where the density 


changes abruptly from p- to n-type, is called step grading. The step-graded 
junction is located at the plane where the concentration is zero. The above 
theory indicates that there is a built-in potential between these two sections 
(called the contact difference of potential V,). Equation (2-58) allows us to 
calculate V,. Thus 


Vr In 222 (2-62) 


no 


V. = Vu 


ll 


because pi = Pp = thermal-equilibrium hole concentration in p side and 
P2 = Pno = thermal-equilibrium hole concentration in n side. From Eq. 
(2-15) Pao = Na, and from Eq. (2-14) pao = n:?/Np, so that 


Ve = Vrin™. an * | (2-63) 


The same expression for V, is obtained from an analysis corresponding to 
that given above and based upon equating the total electron current J, to 
zero (Prob. 2-20). The p-n junction, both open-circuited and with an applied 


voltage, is studied in detail in Chaps. 3 and 19. 


2-13 RECAPITULATION 


The fundamental principles governing the electrical behavior of semi-conduc- 
tors, discussed in this chapter, are summarized as follows: 


1. Two types of mobile charge carriers (positive holes and negative 
electrons) are available. This bipolar nature of a semiconductor is to be 
contrasted with the unipolar property of a metal, which possesses only free 
electrons. 

2. A semiconductor may be fabricated with donor (acceptor) impurities; 


so it contains mobile charges which are primarily electrons (holes). 


3. The intrinsic concentration of carriers is a function of temperature. 
At room temperature, essentially all donors or acceptors are ionized. 
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4. Current is due to two distinct phenomena: 

a. Carriers drift in an electric field (this conduction current is also avail- 
able in a metal). 

b. Carriers diffuse if a concentration gradient exists (a phenomenon 
which does not take place in a metal). 

5. Carriers are continuously being generated (due to thermal creation of 
‘-hole-electron pairs) and are simultaneously disappearing (due to recombination). 

6. The fundamental law governing the flow of charge is called the con- 
tinuity. equation. It is formulated by considering that charge can neither be 
created nor destroyed if generation, recombination, drift, and diffusion are 
all taken into account. 

7. If minority carriers (say, holes) are injected into a region containing 
majority carriers (say, an n-type bar), then usually the injected minority 
concentration is very small compared with the density of the majority carriers. 
For this low-level injection condition the minority current is predominantly 
due to diffusion; in other words, the minority drift current may be neglected. 

8. The total majority-carrier flow is the sum of a drift and a diffusion 
current. The majority conduction current results from a small electric field 
internally created within the semiconductor because of the injected carriers. 

9. The minority-carrier concentration injected into one end of a semi- 
conductor bar decreases exponentially with distance into the specimen (as a 
result of diffusion and recombination). 

10. Across an open-circuited p-n junction there exists a contact difference 
of potential. 


These basic concepts are applied i in the next chapter to the study of the 
p-n junction diode. 


REFERENCES 


1. Shockley, W.: ‘Electrons and Holes in Semiconductors,’ D. Van Nostrand 
Company, Inc., Princeton, N.J., reprinted February, 1963. 


2. Adler, R. B., A. C. Smith, and R. L. Longini: “Introduction to Semiconductor 
Physics,” vol.1, Semiconductor Electronics Education Committee, John Wiley & 
Sons, Inc., New York, 1964. 


3. Morin, F. J., and J. P. Maita: Conductivity and Hall Effect in the Intrinsic Range 
of Germanium, Phys. Rev., vol. 94, pp. 1525-1529, June, 1954. 


Morin, F. J., and J. P. Maita: Electrical Properties ‘of Silicon Containing Arsenic 
and Boron, Phys. Rev., vol. 96, pp. 28-35, October, 1954. 


| 4. Sze, S. M.: “Physics of Semiconductor Devices,” Fig. 29, p. 59, John Wiley & Sons, 
Inc., New York, 1969. 


Sec. 2-13 TRANSPORT PHENOMENA IN SEMICONDUCTORS / 47 


5. Shockley, W., and W. T. Read, Jr.: Statistics of the Recombination of Holes and 
Electrons, Phys. Rev., vol. 87, pp. 835-842, September, 1952. 


Hall, R. N.: Electron-Hole Recombination in Germanium, Phys. Rev., vol. 87, p. 387, 
July, 1952. 


6. Collins, C. B., R. O. Carlson, and C. J. Gallagher: Properties of Gold-doped Silicon, 
Phys. Rev., vol. 105, pp. 1168-1173, February, 1957. 


Bemski, G.: Recombination Properties of Gold in Silicon, Phys. Rev., vol. 111, pp. 
1515-1518, September, 1958. 


7. Gray, P. E., and C. L. Searle: ‘Electronic Principles: Physics, Models, and Circuits,” 
John Wiley & Sons, Inc., New York 1969. 


REVIEW QUESTIONS 


2-1 Give the electron-gas description of a metal. 

2-2 (a) Define mobility. (6) Give its dimensions. 

2-3 (a) Define conductivity. (b) Give its dimensions. 

2-4 Define a hole (in a semiconductor). 

2-5 Indicate pictorially how a hole contributes to conduction. 

2-6 (a) Define intrinsic concentration of holes. (b) What is the relationship 
between this density and the intrinsic concentration for electrons? (c) What do these 
equal at 0°K? 

2-7 Show (in two dimensions) the crystal structure of silicon containing a donor 
impurity atom. 

2-8 Repeat Rev. 2-7 for an acceptor impurity atom. 

2-9 Define (a) donor, (b) acceptor impurities. 

2-10 A semiconductor is doped with both donors and acceptors of concentrations 
N» and N4, respectively. Write the equation or equations from which to determine 
the electron and hole concentrations (n and p). 

2-11 Define the volt equivalent of temperature. 

2-12 Describe the Hall effect. 

2-13 What properties of a semiconductor are determined from a Hall effect 
experiment? 

2-14 Given an intrinsic semiconductor specimen, state two physical processes for 
increasing its conductivity. Explain briefly. 

2-15 Is the temperature coefficient of resistance of a semiconductor positive or 
negative? Explain briefly. i 

2-16 Answer Rev. 2-15 for a metal. 

2-17 (a) Sketch the spectral response curve for silicon. (6) Explain its shape 
qualitatively. 

2-18 (a) Define long-wavelength, threshold, or critical wavelength for a semi- 
conductor. (6) Explain why X, exists. 

2-19 Define mean lifetime of a carrier. 

2-20 Explain physically the meaning of the following statement: An electron and 
a hole recombine and disappear. 
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2-21. Radiation falls on a semiconductor specimen which is uniformly illuminated, 
and a steady-state is reached. At ¢ = 0 the light is turned off. (a) Sketch the 
minority-carrier concentration as a function of time for > 0. (6) Define all symbols 
in the equation describing your sketch. 

2-22 (a) Define diffusion constant for holes. (6) Give its dimensions. 

2-23 Repeat Rev. 2-22 for electrons. 

2-24 (a) Write the equation for the net electron current in a semiconductor. 
What is the physical significance of each term? (6) How is this equation modified 
for a metal? 

2-25 (a) The equation of continuity is a mathematical statement of what physical 
law? (b) The left-hand side of this equation for holes is dp/dt. The right-hand side 
contains several terms. State in words (no mathematics) what each of these terms 
represents physically. 

2-26 Light falls upon the end of a long open-circuited semiconductor specimen. 
(a) Sketch the steady-state minority-carrier concentration as a function of distance. 
(b) Define all the symbols in the equation describing your sketch. 

2-27 Light falls upon the end of a long open-circuited semiconductor bar. (a) 
For low-level injection is the minority current due predominantly to drift, diffusion, or 
both? (6) Is the majority current due predominantly to drift, diffusion, or both? 

2-28 (a) Define a graded semiconductor. (b) Explain why an electric field must 
exist in a graded semiconductor. 

2-29 Consider a step-graded junction under open-circuited conditions. Upon 
what four parameters does the contact difference of potential depend? 

2-30 State the mass-action law as an equation and in words. 

2-31 Explain why a contact difference of potential must develop across an open- 
circuited p-n junction. 
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JUNCTION-DIODE CHARACTERISTICS 


In this chapter we demonstrate that if a junction is formed between a 
sample of p-type and one of n-type semiconductor, this combination 
possesses the properties of a rectifier. The volt-ampere character- 
istics of such a two-terminal device (called a junction diode) is studied. 
The capacitance across the junction is calculated. 

Although the transistor is a triode (three-terminal) semiconductor, 
it may be considered as one diode biased by the current from a second 
diode. Hence most of the theory developed here is utilized in Chap. 5 
in connection with the study of the transistor. 


3-1 THE OPEN-CIRCUITED p-n JUNCTION 


If donor impurities are introduced into one side and acceptors into the 
other side of a single crystal of a semiconductor, a p-n junction is 
formed, as in Fig. 2-17b. Such a system is illustrated in more sche- 
matic detail in Fig. 3-la. The donor ion is represented by a plus 
sign because, after this impurity atom ‘donates’ an electron, it 
becomes a positive ion. The acceptor ion is indicated by a minus 
sign because, after this atom ‘‘accepts’” an electron, it becomes a 
negative ion. Initially, there are nominally only p-type carriers to 
the left of the junction and only n-type carriers to the right. 


Space-charge Region Because there is a density gradient across 
the junction, holes will initially diffuse to the right across the junction, 
and electrons to the left. We see that the positive holes which neu- 
tralized the acceptor ions near the junction in the p-type silicon have 
disappeared as a result of combination with electrons which have 
diffused across the junction. Similarly, the neutralizing electrons in 
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Acceptor ! Junction 


Hole Electron 


(a) 
p type — n type 
t t 
0.5em——>--—— 
Space-charge 
region Charge density, p 
0.5 um { 
@PV__p 
dx? ~ € 
(6) 


Electric field 
intensity, & 


Electrostatic potential V 
| 


| Distance from junction 


(d) | 0.5 um | 


(e) Distance from junction 


Fig. 3-1 A schematic diagram of a p-n junction, including the 
charge density, electric field intensity, and potential-energy bar- 
riers at the junction. Since potential energy = potential X 

charge, the curve in (d) is proportional to the potential energy for 

a hole (a positive charge) and the curve in (e) is proportionalto 
the negative of that in (d) (an electron is a negative charge). 

(Not drawn to scale.) 
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the n-type silicon have combined with holes which have crossed the junction 
from the p material. The unneutralized ions in the neighborhood of the 
junction are referred to as uncovered charges. The general shape of the charge 
density p (Fig. 3-1b) depends upon how the diode is doped (a step-graded . 
junction is considered in detail in Sec. 3-7). Since the region of the junction 
is depleted of mobile charges, it is called the depletion region, the space-charge 
region, or the transition region. The thickness of this region is of the order 
of the wavelength of visible light (0.5 micron = 0.5 um). Within this very 
narrow space-charge layer there are no mobile carriers. To the left of this 
region the carrier concentration is p ~ Na, and to its right it isn ~ Np. 


Electric Field Intensity The space-charge density pis zero at the junction. 
It is positive to the right and negative to the left of the junction. This dis- 
tribution constitutes an electrical dipole layer, giving rise to electric lines of 
flux from right to left, corresponding to negative field intensity & as depicted 
in Fig. 3-1c. Equilibrium is established when the field is strong enough to 
restrain the process of diffusion. Stated alternatively, under steady-state 
conditions the drift hole (electron) current must be equal and opposite to the 
diffusion hole (electron) current so that the net hole (electron) current is 
reduced to zero—as it must be for an open-circuited device. In other words, 
there is no steady-state movement of charge across the junction. 

The field intensity curve is proportional to the integral of the charge 
density curve. This statement follows from Poisson’s equation 


(3-1) 


where ¢ is the permittivity. If e, is the (relative) dielectric constant and e, 
is the permittivity of free space (Appendix A), then ¢« = ¢,¢,. Integrating 
Eq. (3-1) and remembering that 6 = —dV/dz gives 


6 = [re ae (3-2) 


where & = Oat xz = x,. Therefore the curve plotted in Fig. 3-1c is the integral 
of the function drawn in Fig. 3-1b (divided by e). 


Potential The electrostatic-potential variation in the depletion region is 
shown in Fig. 3-1d, and is the negative integral of the function & of Fig. 3-1c. 
This variation constitutes a potential-energy barrier (Sec. 1-2) against the 
further diffusion of holes across the barrier. The form of the potential-energy 
barrier against the flow of electrons from the n side across the junction is 
shown in Fig. 3-le. It is similar to that shown in Fig. 3-1d, except that it is 
inverted, since the charge on an electron is negative. Note the existence, 
across. the depletion layer, of the contact potential V., discussed in Sec. 2-12. 
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Summary Under open-circuited conditions the net hole current must be 
zero. If this statement were not true, the hole density at one end of the semi- 
conductor would continue to increase indefinitely with time, a situation which 
is obviously physically impossible. Since the concentration of holes in the 
p side is much greater than that in the n side, a very large hole diffusion current 
tends to flow across the junction from the p to the n material. Hence an 
electric field must build up across the junction in such a direction that a hole 
drift current will tend to flow across the junction from the n to the p side in 
order to counterbalance the diffusion current. This equilibrium condition of 
zero resultant hole current allows us to calculate the height of the potential 
barrier V, [Eq. (2-63)] in terms of the donor and acceptor concentrations. 
The numerical value for V, is of the order of magnitude of a few tenths of a 
volt. 


3-2 THE p-n JUNCTION AS A RECTIFIER! 


The essential electrical characteristic of a p-n junction is that it constitutes a 
rectifier which permits the easy flow of charge in one direction but restrains the 
flow in the opposite direction. We consider now, qualitatively, how this diode 
rectifier action comes about. 


Reverse Bias In Fig. 3-2, a battery is shown connected across the 
terminals of a p-n junction. The negative terminal of the battery is con- 
nected to the p side of the junction, and the positive terminal to the n side. 
The polarity of connection is such as to cause both the holes in the p type and 
the electrons in the n type to move away from the junction. Consequently, 
the region of negative-charge density is spread to the left of the junction (Fig. 
3-16), and the positive-charge-density region is spread to the right. However, 
this process cannot continue indefinitely, because in order to have a steady 
flow of holes to the left, these holes must be supplied across the junction from 
the n-type silicon. And there are very few holes in the n-type side. Hence, 
nominally, zero current results. Actually, a small current does flow because 
a small number of hole-electron pairs are generated throughout the crystal 
as a result of thermal energy. The holes so formed in the n-type silicon will 
wander over to the junction. A similar remark applies to the electrons 


Metal ohmic contacts 


Fig. 3-2. (a) A p-n junction biased in the 
reverse direction. (b) The rectifier symbol 
is used for the p-n diode. 
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Metal contacts 


I 
Fig. 3-3 (a) A p-n junction biased in the 
forward direction. (b) The rectifier symbol + 
is used for the p-n diode. V 
(6) 


thermally generated in the p-type silicon. This small current is the diode 
reverse saturation current, and its magnitude is designated by J,. This reverse 
current will increase with increasing temperature [Eq. (3-11)], and hence the 
back resistance of a crystal diode decreases with increasing temperature. From 
the argument presented here, J, should be independent of the magnitude of the 
reverse bias. 

The mechanism of conduction in the reverse direction may be described 
alternatively in the following way: When no voltage is applied to the p-n 
diode, the potential barrier across the junction is as shown in Fig. 3-1d. When 
a voltage V is applied to the diode in the direction shown in Fig. 3-2, the 
height of the potential-energy barrier is increased by the amount qV. This 
increase in the barrier height serves to reduce the flow of majority carriers 
(i.e., holes in p type and electrons in n type). However, the minority carriers 
(i.e., electrons in p type and holes in n type), since they fall down the potential- 
energy hill, are uninfluenced by the increased height of the barrier. The 
applied voltage in the direction indicated in Fig. 3-2 is called the reverse, or 
blocking, bias. 


Forward Bias An external voltage applied with the polarity shown in 
Fig. 3-3 (opposite to that indicated in Fig. 3-2) is called a forward bias. An 
ideal p-n diode has zero ohmic voltage drop across the body of the crystal. 
For such a diode the height of the potential barrier at the junction will be 
‘lowered by the applied forward voltage V. The equilibrium initially estab- 
lished between the forces tending to produce diffusion of majority carriers 
and the restraining influence of the potential-energy barrier at the junction 
will be disturbed. Hence, for a forward bias, the holes cross the junction 
from the p-type into the n-type region, where they constitute an injected 
minority current. Similarly, the electrons cross the junction in the reverse 
direction and become a minority current injected into the p side. Holes 
traveling from left to right constitute a current in the same direction as elec- 
trons moving from right to left. Hence the resultant current crossing the 
junction is the sum of the hole and electron minority currents. A detailed 
discussion of the several current components within the diode is given in the 
next section. 


Ohmic Contacts In Fig. 3-2 (3-3) we show an external reverse (forward) 
bies applied to a p-n diode. We have assumed that the external bias voltage 
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appears directly across the junction and has the effect of raising (lowering) 
the electrostatic potential across the junction. To justify this assumption 
we must specify how electric contact is made to the semiconductor from 
the external bias circuit. In Figs. 3-2 and 3-3 we indicate metal contacts 
with which the homogeneous p-type and n-type materials are provided. We 
thus see that we have introduced two metal-semiconductor junctions, one at 
each end of the diode. We naturally expect a contact potential to develop 
across these additional junctions. However, we shall assume that the metal- 
semiconductor contacts shown in Figs. 3-2 and 3-3 have been manufactured 
in such a way that they are nonrectifying. In other words, the contact 
potential across these junctions is constant, independent of the direction 
and magnitude of the current. A contact of this type is referred to as an 
ohmic contact. 

We are now in a position to justify our assumption that the entire applied 
voltage appears as a change in the height of the potential barrier. Inasmuch 
as the voltage across the metal-semiconductor ohmic contacts remains con- 
stant and the voltage drop across the bulk of the crystal is neglected, approxi- 
mately the entire applied voltage will indeed appear as a change in the height 
of the potential barrier at the p-n junction. 


The Short-circuited and Open-circuited p-n Junction If the voltage V 
in Fig. 3-2 or 3-3 were set equal to zero, the p-n junction would be short- 
circuited. Under these conditions, as we show below, no current can flow 
(I = 0) and the electrostatic potential V, remains unchanged and equal to 
the value under open-circuit conditions. If there were a current (J * 0), the 
metal would become heated. Since there is no external source of energy avail- 
able, the energy required to heat the metal wire would have to be supplied 
by the p-n bar. The semiconductor bar, therefore, would have to cool off. 
Clearly, under thermal equilibrium the simultaneous heating of the metal and 
cooling of the bar is impossible, and we conclude that J = 0. Since under 
short-circuit conditions the sum of the voltages around the closed loop must 
be zero, the junction potential V, must be exactly compensated by the 
metal-to-semiconductor contact potentials at the ohmic contacts. Since the 
current is zero, the wire can be cut without changing the situation, and the 
voltage drop across the cut must remain zero. If in an attempt to measure V, 
we connected a voltmeter across the cut, the voltmeter would read zero voltage. 
In other words, it is not possible to measure contact difference of potential 
directly with a voltmeter. 


Large Forward Voltages Suppose that the forward voltage V in Fig. 
3-3 is increased until V approaches V,. If V were equal to V., the barrier 
would disappear and the current could be arbitrarily large, exceeding the 
rating of the diode. As a practical matter we can never reduce the barrier 
to zero because, as the current increases without limit, the bulk resistance 
of the crystal, as well as the resistance of the ohmic contacts, will limit #ne 


> 
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current. Therefore it is no longer possible to assume that all the voltage V 
appears as a change across the p-n junction. We conclude that, as the for- 
ward voltage V becomes comparable with V,, the current through a real p-n 
diode will be governed by the ohmic-contact resistances and the crystal bulk 
resistance. Thus the volt-ampere characteristic becomes approximately .a 
straight line. 


3-3 THE CURRENT COMPONENTS IN a p-n DIODE 


In the preceding section it was indicated that when a forward bias is applied 
to a diode, holes are injected into the n side and electrons into the p side. 
In Sec. 2-11 it was emphasized that under low-level injection conditions such 
minority currents are due almost entirely to diffusion, so that minority drift 
currents may be neglected. From Eq. (2-48) the hole diffusion current in the 
n-type materialt Ip, decreases exponentially with distance x into the n-type 
region and falls to 1/eth its peak value in a diffusion length L,. This current 
is plotted in Fig. 3-4, as is also the corresponding electron diffusion current 
I,p in the p-type side. The doping on the two sides of the junction need not — 
be identical, and it is assumed in this plot that the acceptor concentration is 
much greater than the donor density, so that the hole current greatly exceeds 


¢ Since we must consider both hole and electron currents in each side of the junction, 
we add the second subscript n to J, in order to indicate that the hole current-in the n-type 
region is under consideration. In general, if the letters p and n both appear in a symbol, 
the first letter refers to the type of carrier and the second to the type of material. 
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electron-current diffu- 
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the electron current. Also, in Fig. 3-4, the space-charge region has been 
assumed to be negligibly small, a restriction to be removed soon. 

From Eq. (2-48) (with the subscript n added to I, and to p) the minority 
(hole) diffusion current at the junction (x = 0) is given by 


Iya(0) = “#22 fpq(0) ~ Pr (3-3) 


The Law of the Junction In the preceding section it was pointed out that 
a forward bias V lowers the barrier height and allows more carriers to cross the 
junction. Hence p,(0) must be a function of V. From the Boltzmann rela- 
tionship, Eq. (2-59), it seems reasonable that p,(0) should depend expo- 
nentially, upon V. Indeed, in Sec. 19-10, it is found that 


Da(O) = Dnoe¥!¥? (3-4) 


This relationship, which gives the hole concentration at the edge of the n 
region (at x = 0, just outside of the transition region) in terms of the thermal- 
equilibrium minority-carrier concentration pnp (far away from the junction) 
and the applied potential V, is called the law of the junction. A similar equa- 
tion with p and n interchanged gives the electron concentration at the edge 
of the p region in terms of V. 


The Total Diode Current Substituting Eq. (3-4) into Eq. (3-3) yields 
Iyq(0) = 29? 2200 (evivs — 1) (3-5) 
D 


The expression for the electron current J,,(0) crossing the junction into the p 
side is obtained from Eq. (3-5) by interchanging p and n. 

Electrons crossing the junction at « = 0 from right to left constitute a 
current in the same direction as holes crossing the junction from left to night. 
Hence the total diode current J at x = Ois 


I = Ipn(0) + Inp(0) | (3-6) 


Since the current is the same throughout a series circuit, J is independent of x 
and is indicated as a horizontal line in Fig. 3-4b. The expression for the diode 
current is 


I = I,(e"/¥r — 1) (3-7) 


where I, is given in Prob. 3-6 in terms of the physical parameters of the diode. 


The Reverse Saturation Current In the foregoing discussion a positive 
value of V indicates a forward bias. The derivation of Eq. (3-7) is equally 
valid if V is negative, signifying an applied reverse-bias voltage. For a 
reverse bias whose magnitude is large compared with Vr (~26 mV at room 
temperature), J—» —I,. Hence I, is called the reverse saturation current. 
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Since the thermal-equilibrium concentrations p,. and n, depend upon tem- 
perature T, then J, is a function of T. This temperature dependence is 
derived in Sec. 19-10. 


The Majority-carrier Current Components In the n-type region of Fig. 
3-4b the total current J is constant and the minority (hole) current Jy, varies 
with x. Clearly, there must exist a majority (electron) current J,, which is a 
function of x because the diode current J at any position is the sum of the hole 
and electron currents at this distance. This majority current 


Tan(t) = I — Ipn() (3-8) 


is plotted as the dashed curve in the n region of Fig. 3-5, where the narrow 
_ depletion region is also indicated. The majority hole current J, is similarly 
shown dashed in the p region of this figure. As discussed in Sec. 2-11, these 
majority currents are each composed of two current components; one is a 
drift current and the second is a diffusion current. Recall from Sec. 2-11 
that the diffusion electron current is —(Dj/D,)I pn in the n side. 

Note that deep into the p side the current is a drift (conduction) current 
Ipp of holes sustained by the small electric field in the semiconductor (Prob. 
3-4). As the holes approach the junction, some of them recombine with the 
electrons, which are injected into the p side from the n side. The current 
I pp thus decreases toward the junction (at just the proper gradient to maintain 
the total current constant, independent of distance). What remains of Ipp 
at the junction enters the n side and becomes the hole diffusion current I pn. 
Similar remarks ean be made with respect to current Inn. 

We emphasize that the current in a p-n diode is bipolar in character since 
it is made up of both positive and negative carriers of electricity. The total 
current is constant throughout the device, but the proportion due to holes and 
that due to electrons varies with distance, as indicated in Fig. 3-5. 


The Transition Region Since this dépletion layer contains very few mobile 
charges, it has been assumed (Fig. 3-5) that carrier generation and recombina- 
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tion may be neglected within the bulk and on the surface of this region. Such 
an assumption is valid for a germanium diode, but not for a silicon device. 
For the latter it is found? that Eq. (3-5) must be modified by multiplying 
Vr by a factor », where » ~ 2 for small (rated) currents and 7 ~ 1 for large 
currents. 


3-4 THE VOLT-AMPERE CHARACTERISTIC 


The discussion of the preceding section indicates that, for a p-n junction, the 
current I is related to the voltage V by the equation 


I = I,(eV/2¥r — 1) (3-9) 


A positive value of J means that current flows from the p to the n side. The 
diode is forward-biased if V is positive, indicating that the p side of the junc- 
tion is positive with respect to the n side. The symbol 7 is unity for ger- 
manium and is approximately 2 for silicon at rated current. 

The symbol Vr stands for the volt equivalent of temperature, and is given 
by Eq. (2-38), repeated here for convenience: 


_ Tf 
~~ 11,600 


At room temperature (7 = 300°K), Vr = 0.026 V = 26 mV. 
The form of the volt-ampere characteristic described by Eq. (3-9) is 
shown in Fig. 3-64. When the voltage V is positive and several times Vz, 


Vr (3-10) 


~weeewy 


(6) 


Fig. 3-6 (a) The volt-ampere characteristic of an ideal p-n diode. (b) The volt- 
ampere characteristic for a germanium diode redrawn to show the order of 
magnitude of currents. Note the expanded scale for reverse currents. The 
dashed portion indicates breakdown at Vz. 
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the unity in the parentheses of Eq. (3-9) may be neglected. Accordingly, 
except for a small range in the neighborhood of the origin, the current increases 
exponentially with voltage. When the diode is reverse-biased and |V| is 
several times Vr, I ~ —I,. The reverse current is therefore constant, inde- 
pendent of the applied reverse bias. Consequently, J, is referred to as the 
reverse saturation current. 

For the sake of clarity, the current J, in Fig. 3-6 has been greatly exag- 
gerated in magnitude. Ordinarily, the range of forward currents over which 
a diode is operated is many orders of magnitude larger than the reverse satu- 
ration current. To display forward and reverse characteristics conveniently, 
it is necessary, as in Fig. 3-6b, to use two different current scales. The volt- 
ampere characteristic shown in that figure has a forward-current scale in 
milliamperes and a reverse scale in microamperes. 

The dashed portion of the curve of Fig. 3-6b indicates that, at a reverse- 
biasing voltage Vz, the diode characteristic exhibits an abrupt and marked 
departure from Eq. (8-9). At this critical voltage a large reverse current 
flows, and the diode is said to be in the breakdown region, discussed in Sec. 3-11. 


The Cutin Voltage V, Both silicon and germanium diodes are com- 
mercially available. A number of differences between these two types are 
relevant in circuit design. The difference in volt-ampere characteristics is 
brought out in Fig. 3-7. Here are plotted the forward characteristics at room 
temperature of a general-purpose germanium switching diode and a general- 
purpose silicon diode, the 1N270 and 1N3605, respectively. The diodes have 
comparable current ratings. A noteworthy feature in Fig. 3-7 is that there 
exists a cutin, offset, break-point, or threshold, voltage Vy below which the cur- 
rent is very small (say, less than 1 percent of maximum rated value). Beyond 


Fig. 3-7 The forward 
volt-ampere character- 


istics of a germanium 
(1N270) and a silicon 
(1N3605) diode at 25°C. 
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V, the current rises very rapidly. From Fig. 3-7 we see that V, is approxi- 
mately 0.2 V for germanium and 0.6 V for silicon. 

Note that the break in the silicon-diode characteristic is offset about 
0.4 V with respect to the break in the germanium-diode characteristic. The 
reason for this difference is to be found, in part, in the fact that the reverse 
saturation current in a germanium diode is normally larger by a factor of 
about 1,000 than the reverse saturation current in a silicon diode of com- 
parable ratings. J, is in the range of microamperes for a germanium diode 
and nanoamperes for a silicon diode at room temperature. 

Since 7 = 2 for small currents in silicon, the current increases as €”/2"7 for 
the first several tenths of a volt and increases as ¢¥/Vr only at higher voltages. 
This initial smaller dependence of the current on voltage accounts for the 
further delay in the rise of the silicon characteristic. 


Logarithmic Characteristic It is instructive to examine the family of 
curves for the silicon diodes shown in Fig. 3-8. A family for a germanium 
diode of comparable current rating is quite similar, with the exception that 
corresponding currents are attained at lower voltage. 

From Eq. (3-9), assuming that V is several times Vr, so that we may 
drop the unity, we have log J = log I, + 0.434V/nVr. We therefore expect 
in Fig. 3-8, where log J is plotted against V, that the plots will be straight 
lines. We do indeed find that at low currents the plots are linear and corre- 
spond ton = 2. At large currents an increment of voltage does not yield as 
large an increase of current as at low currents. The reason for this behavior 
is to be found in the ohmic resistance of the diode. At low currents the 
ohmic drop is negligible and the externally impressed voltage simply decreases 
the potential barrier at the p-n junction. At high currents the externally 
impressed voltage is called upon principally to establish an electric field to 


Fig. 3-8 Volt-ampere char- 
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overcome the ohmic resistance of the semiconductor material. Therefore, at 
high currents, the diode behaves more like a resistor than a diode, and the 
current increases linearly rather than exponentially with applied voltage. 


Reverse Saturation Current Many commercially available diodes exhibit 
an essentially constant value of J, for negative values of V, as indicated in 
Fig. 3-6. On the other hand, some diodes show a very pronounced increase 
in reverse current with increasing reverse voltage. This variation in J, results 
from leakage across the surface of the diode, and also from the additional fact 
that new charge carriers may be generated by collision in the transition region 
at the junction. 


3-5 THE TEMPERATURE DEPENDENCE OF THE V/Z CHARACTERISTIC 


The volt-ampere relationship (3-9) contains the temperature implicitly in the 
two symbols Vr and J,. In Sec. 19-11 it is shown that the theoretical varia- 
tion of I, with T is 8 percent/°C for silicon and 11 percent/°C for germanium. 
The performance of commercial diodes is only approximately consistent with 
these results. The reason for the discrepancy is that, in a physical diode, 
there is a component of the reverse saturation current due to leakage over the 
surface that is not taken into account in Sec. 19-11. Since this leakage com- 
ponent is independent of temperature, we may expect to find a smaller rate 
of change of J, with temperature than that predicted above. From experi- 
mental data we observe that the reverse saturation current increases approxi- 
mately 7 percent/°C for both silicon and germanium. Since (1.07)'® = 2.0, 
we conclude that the reverse saturation current approximately doubles for every 
10°C rise in temperature. If I, = I,1 at T = Ti, then at a temperature 7, 
I, is given by 


IAT) = Ig X QAFOM0 (3-11) 


If the temperature is increased at a fixed voltage, the current increases. 
However, if we now reduce V, then J may be brought back to its previous 
value. In Sec. 19-11 it is found that for either silicon or germanium (at room 
temperature) 


dV 

dT 
in order to maintain a constant value of J. It should also be noted that 
|dV /dT| decreases with increasing T. 


—2.5 mV/°C (3-12) 


3-6 DIODE RESISTANCE 


The static resistance R of a diode is defined as the ratio V/J of the voltage 
to the current. At any point on the volt-ampere characteristic of the diode 
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(Fig. 3-7), the resistance R is equal to the reciprocal of the slope of a line 
joining the operating point to the origin. The static resistance varies widely 
with V and J and is not a useful parameter. The rectification property of a 
diode is indicated on the manufacturer’s specification sheet by giving the 
maximum forward voltage Vr required to attain a given forward current Ip | 
and also the maximum reverse current Ip at a given reverse voltage Vr. Typi- 
cal values for a silicon planar epitaxial diode are Vr = 0.8 V at Ir = 10 mA 
(corresponding to Rr = 80 Q) and Ip = 0.1 nA at Ve = 50 V (corresponding 
to Rr = 500 M). 

For small-signal operation the dynamic, or incremental, resistance r is an 
important parameter, and is defined as the reciprocal of the slope of the volt- 
ampere characteristic, r = dV/dI. The dynamic resistance is not a constant, 
but depends upon the operating voltage. For example, for a semiconductor 
diode, we find from Eq. (3-9) that the dynamic conductance g =1/ris 


_ al _iTg¥l¥r 4-7, 
9 aV ~~ aVr. nV 


For a reverse bias greater than a few tenths of a volt (so that |V/nVr| > 1), 
g is extremely small and r is very large. On the other hand, for a forward 
bias greater than a few tenths of a volt, J >> I,, and ris given approximately by 


(3-13) 


~ Wr 
adn a (3-14) 
The dynamic resistance varies inversely with current; at room temperature 
and for » = 1, r = 26/I, where J is in milliamperes and r in ohms. For a 
forward current of 26 mA, the dynamic resistance is 1 9. The ohmic body 
resistance of the semiconductor may be of the same order of magnitude or 
even much higher than this value. Although r varies with current, in a small- 
signal model, it is reasonable to use the parameter r as a constant. 


A Piecewise Linear Diode Characteristic A large-signal approximation 
which often leads to a sufficiently accurate engineering solution is the piecewise 
linear representation. For example, the piecewise linear approximation for a 
semiconductor diode characteristic is indicated in Fig. 3-9. The break point 
is not at the origin, and hence V, is also called the offset, or threshold, voltage. 
The diode behaves like an open circuit if V < V,, and has a constant incre- 
mental resistance r = dV/dI if V > V,. Note that the resistance r (also 
designated as Ry and called the forward resistance) takes on added physical 
significance even for this large-signal model, whereas the static resistance 
‘Ry = V/T is not constant and is not useful. 

The numerical values V, and Ry to be used depend upon the type of 
diode and the contemplated voltage and current swings. For example, from 
Fig. 3-7 we find that, for a current swing from cutoff to 10 mA with a germanium 
diode, reasonable values are V, = 0.2 V and Ry, = 20 Q, and for a silicon 
diode, V, = 0.6 Vand Ry = 159. On the other hand, a better approximation 
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Fig. 3-9 The piecewise linear characteriza- 
tion of a semiconductor diode. 


0 Vy V 


for current swings up to 50 mA leads to the following values; germanium, 
V, = 0.3 V, Ry = 6 Q; silicon, V, = 0.65 V, Ry = 5.56 9. For an avalanche 
diode, discussed in Sec. 3-11, Vy = Vz and Ry is the dynamic resistance in 
the breakdown region. 


3-7 SPACE-CHARGE, OR TRANSITION, CAPACITANCE Cr 


As mentioned in Sec. 3-1, a reverse bias causes majority carriers to move away 
from the junction, thereby uncovering more immobile charges. Hence the 
thickness of the space-charge layer at the junction increases with reverse volt- 
age. This increase in uncovered charge with applied voltage may be con- 
sidered a capacitive effect. We may define an incremental capacitance Cr by 


aq 


Cr=| yp 


(3-15) 


where dQ is the increase in charge caused by a change dV in voltage. It 
follows from this definition that a change in voltage dV in a time dt will result 
in a current 7 = dQ/dt, given by 


i= Cr o (3-16) 


Therefore a knowledge of Cr is important in considering a diode (or a transis- 
tor) as a circuit element. The quantity Cr is referred to as the transition- 
region, space-charge, barrier, or depletion-region, capacitance. We now consider 
Crp quantitatively. As it turns out, this capacitance is not a constant, but 
depends upon the magnitude of the reverse voltage. It is for this reason that 
Cr is defined by Eq. (3-16) rather than as the ratio Q/V. 


A Step-graded Junction Consider a junction in which there is an abrupt 
change from acceptor ions on one side to donor ions on the other side. Such 
a junction is formed experimentally, for example, by placing indium, which is 
trivalent, against n-type germanium and heating the combination to a high 
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Fig. 3-10 (a) A reverse-biased 
p-n step-graded junction. (b) 
The charge density. (c) The field 
intensity. (d) The potential vari- 
ation with distance z. 


(c) 


Potential, V 
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temperature for a short time. Some of the indium dissolves into the ger- 
manium to change the germanium from n to p type at the junction. Such. 
a step-graded junction is called an alloy, or fusion, junction. A step-graded 
junction is also formed between emitter and base of an integrated transistor 
(Fig. 7-11). It is not necessary that the concentration N4 of acceptor ions 
equal the concentration Np of donor impurities. As a matter of fact, it is 
often advantageous to have an unsymmetrical junction. Figure 3-10 shows 
the charge density as a function of distance from an alloy junction in which the 
acceptor impurity density is assumed to be much larger than the donor con- 
centration. Since the net charge must be zero, then 


Naw, = NodW, (3-17) 
If Na > No, then W, << W, = W. The relationship between potential and 
charge density is given by Eq. (3-1): 


av _ —qNp 


ete (3-18) 


The electric lines of flux start on the positive donor ions and terminate on the 
negative acceptor ions. Hence there are no flux lines to the right of the 
boundary z« = W, in Fig. 3-10, and 6 = —dV/dx = 0 at x= W, = W. 
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Integrating Eq. (3-18) subject to this boundary condition yields 


(c-W)=-& . (3-19) 


Neglecting the small potential drop across W,, we may arbitrarily choose 
V =Oatzx=0. Integrating Eq. (3-19) subject to this condition gives 


V = =aNp (x? — 2W2) (3-20) 


The linear variation in field intensity and the quadratic dependence of poten- 
tial upon distance are plotted in Fig. 3-10c and d. These graphs should be 
compared with the corresponding curves of Fig. 3-1. . 

At x = W, V = V; = junction, or barrier, potential. Thus 


qN pW? 
2e 


V; = (3-21) 

In this section we have used the symbol V to represent the potential 
at any distance x from the junction. Hence, let us introduce Va as the exter- 
nally applied diode voltage. Since the barrier potential represents a reverse 
voltage, it is lowered by an applied forward voltage. Thus 


V; =V.— Va 


where V, is a negative number for an applied reverse bias and V, is the contact 
potential (Fig. 3-1d). This equation confirms our qualitative conclusion that 
the thickness of the depletion layer increases with applied reverse voltage. 
We now see that W varies as V;§ = (V. — Va)}. 

If A is the area of the junction, the charge in the distance W is 


Q = qNrWA 
The transition capacitance C7, given by Eq. (3-15), is 
_ | dQ| _ dw 
Cr = Fe = QNpA | , (3-22) 
From Eq. (3-21), |dW/dV;| = «/qgNpW, and hence 
A 
Cr = FF (3-23) 


It is interesting to note that this formula is exactly the expression which is 
obtained for a parallel-plate capacitor of area A (square meters) and plate 
separation W (meters) containing a material of permittivity «. If the concen- 
tration N44 is not neglected, the above results are modified only slightly. In 
Eq. (3-21) W represents the total space-charge width, and 1/Np is replaced 
by 1/Na + 1/Np. Equation (3-23) remains valid (Prob. 3-18). 
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Charge density 


Fig. 3-11 The charge-density variation vs. dis- 
tance at a linearly graded p-n junction. 


A Linearly Graded Junction A second form of junction is obtained by 
drawing a single crystal from a melt of germanium whose type is changed 
during the drawing process by adding first p-type and then n-type impurities. 
A linearly graded junction is also formed between the collector and base of an 
integrated transistor (Fig. 7-12). For such a junction the charge density 
varies gradually (almost linearly), as indicated in F ig. 3-11. If an analysis 
similar to that given above is carried out for such a junction, Eq. (3-23) is 
found to be valid where W equals the total width of the space-charge layer. 
However, it now turns out that W varies as V; instead of V3. 


Varactor Diodes We observe from the above equations that the barrier 
capacitance is not a constant but varies with applied voltage. The larger the 
reverse voltage, the larger is the space-charge width W, and hence the smaller 
the capacitance Cr. The variation is illustrated for two typical diodes in Fig. 
3-12. Similarly, for an increase in forward bias (Va positive), W decreases and 
Cr increases. 

The voltage-variable capacitance of a p-n junction biased in the reverse 
direction is useful in a number of circuits. One of these applications is voltage 
tuning of an LC resonant circuit. Other applications include self-balancing 
bridge circuits and special types of amplifiers, called parametric amplifiers. 
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Fig. 3-12 Typical barrier-capaci- 
tance variation, with reverse volt- 
age, of silicon diodes 1N914 and 
IN916. (Courtesy of Fairchild 
Semiconductor Corporation.) 
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(a) 
Fig. 3-13 A varactor diode under reverse R, 
bias. (a) Circuit symbol; (b) circuit hk aor 
model. i 
i} 


(d) 


Diodes made especially for the above applications which are based on 
the voltage-variable capacitance are called varactors, varicaps, or voltacaps. 
A circuit model for a varactor diode under reverse bias is shown in Fig. 3-13. 
The resistance R, represents the body (ohmic) series resistance of the diode. 
Typical values of Cr and R, are 20 pF and 8.5 Q, respectively, at a reverse bias 
of 4 V. The reverse diode resistance R, shunting Cr is large (>1 M), and 
hence is usually neglected. 

In circuits intended for use with fast waveforms or at high frequencies, 
it is required that the transition capacitance be as small as possible, for the 
following reason: a diode is driven to the reverse-biased condition when it is 
desired to prevent the transmission of a signal. However, if the barrier 
capacitance Cy is large enough, the current which is to be restrained by the 
low conductance of the reverse-biased diode will flow through the capacitor 
(Fig. 3-130). 


3-8 CHARGE-CONTROL DESCRIPTION OF A DIODE 


If the bias is in the forward direction, the potential barrier at the junction 
is lowered and holes from the p side enter the n side. Similarly, electrons 
from the n side move into the p side. This process of minority-carrier injection 
is discussed in Sec. 2-11. The excess hole density falls off exponentially with 
distance, as indicated in Fig. 3-14a. The shaded area under this curve is 
proportional to the injected charge. 

For simplicity of discussion we assume that one side of the diode, say, 
the p material, is so heavily doped in comparison with the n side that the cur- 
rent J is carried across the junction entirely by holes moving from the p to 
the n side, or J = I,,(0). The excess minority charge Q will then exist only 
on the n side, and is given by the shaded area in the n region of Fig. 3-14a 
multiplied by the diode cross section A and the electronic charge g. Hence, 
from Eq. (2-47), 


Q = / ° Agp’ (0)e-7/42 dx = AqL yp’ (0) (3-24) 
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Concentration Concentration 


(a) (b) 


Fig. 3-14 Minority-carrier density distribution as a function of the distance x 
from a junction. (a) A forward-biased junction; (b) a reverse-biased junction. 
The excess hole (electron) density p, = Dn — Dno (n, = Np — Np.) is positive in (a) 
and negative in (b). (The transition region is assumed to be so small relative to 
the diffusion length that it is not indicated in this figure.) 


The hole current J is given by I(x) in Eq. (2-48), with x = 0, or 


Ly 
Eliminating p’(0) from Eqs. (3-24) and (3-25) yields 
_Q 
== (3-26) 


where r = L,?/D, = rp = mean lifetime for holes [Eq. (2-44)]. 

Equation (3-26) is an important relationship, referred to as the charge- 
control description of a diode. It states that the diode current (which consists 
of holes crossing the junction from the p to the n side) is proportional to the 
stored charge Q of excess minority carriers. The factor of proportionality is 
the reciprocal of the decay time constant (the mean lifetime r) of the minority 
earriers. Thus, in the steady state, the current I supplies minority carriers at the 
rate at which these carriers are disappearing because of the process of recombination. 


Charge Storage under Reverse Bias When an external voltage reverse- 
biases the junction, the steady-state density of minority carriers is as shown 
in Fig. 3-146. Far from the junction the minority carriers are equal to their 
thermal-equilibrium values p,. and n,o, as is also the situation in Fig. 3-14a. 
As the minority carriers approach the junction they are rapidly swept across, 
and the density of minority carriers diminishes to zero at this junction. This 
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result follows from the law of the junction, Eq. (8-4), since the concentration 
pn(0) reduces to zero for a negative junction potential V. 

The injected charge under reverse bias is given by the shaded area in 
Fig. 3-14b. This charge is negative since it represents less charge than is 
available under conditions of thermal equilibrium with no applied voltage. 
From Eq. (8-26) with Q negative, the diode current J is negative and, of 
course, equals the reverse saturation current J, in magnitude. 

The charge-control characterization of a diode describes the device in 
terms of the current J and the stored charge Q, whereas the equivalent-circuit 
characterization uses the current J and the junction voltage V. One immedi- 
ately apparent advantage of this charge-contro! description is that the expo- 
nential relationship between I and V is replaced by the linear dependence 
of I on Q. The charge Q also makes a simple parameter, the sign of which 
determines whether the diode is forward- or reverse-biased. The diode is 
forward-biased if Q is positive and reverse-biased if Q is negative. 


3-9. DIFFUSION CAPACITANCE 


For a forward bias a capacitance which is much larger than the transition 
capacitance Cr considered in Sec. 3-8 comes into play. The origin of this 
larger capacitance lies in the injected charge stored near the junction outside 
the transition region (Fig. 3-14a). It is convenient to introduce an incremental 
capacitance, defined as the rate of change of injected charge with voltage, 
called the diffusion, or storage, capacitance Cp. 


Static Derivation of Cp We now make a quantitative study of Cop. 
From Eas. (3-26) and (3-13) 


ag, at _ 
dV "dV 
where the diode incremental conductance g = dI/dV. Substituting the 


expression for the diode incremental resistance r = 1/g given in Eq. (3-14) 
into Eq. (3-27) yields 


_ rl 
aVr 


We see that the diffusion capacitance is proportional to the current I. In the 
derivation above we have assumed that the diode current J is due to holes 
only. If this assumption is not satisfied, Eq. (3-27) gives the diffusion capaci- 
tance C'p, due to holes only, and a similar expression can be obtained for the 
diffusion capacitance Cp, due to electrons. The total diffusion capacitance 
can then be obtained as the sum of Cp, and Cp, (Prob. 3-24). 

For a reverse bias, g is very small and Cp may be neglected compared 
with Cr. For a forward current, on the other hand, Cp is usually much larger 


Cp = mg = c (3-27) 


Cp (3-28) 
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than Cr. For example, for germanium (y = 1) at J = 26 mA, g = 1 8, 
and Cp =r. If, say, r = 20 us, then Cp = 20 uF, a value which is about 
a million times larger than the transition capacitance. 

Despite the large value of Cp, the time constant rCp (which is of impor- 
tance in circuit applications) may not be excessive because the dynamic for- 
ward resistance r = 1/g is small. From Eq. (3-27), 


rCp =7 (3-29) 


Hence the diode time constant equals the mean lifetime of minority carriers, 
which lies in range of nanoseconds to hundreds of microseconds. The impor- 
tance of 7 in circuit applications is considered in the following section. 


Diffusion Capacitance for an Arbitrary Input Consider the buildup of 
injected charge across a junction as a function of time when the potential is 
changed. In Fig. 3-15, the curve marked (1) is the steady-state value of p, 
for an applied voltage V. If the voltage at time ¢ is increased by dV in the 
interval dt, then p, changes to that indicated by the curve marked (2) at 
time t+ dt. The increase in charge dQ’ in the time d¢ is proportional to the 
heavily shaded area in Fig. 3-15. Note that the concentration near the junc- 
tion has increased markedly, whereas p, far away from the junction has changed 
very little, because it takes time for the holes to diffuse into the n region. If 
the applied voltage is maintained constant at V + dV, the stored charge will 
continue to increase. Finally, at t = «©, p, follows the curve marked (3) 
[which is given by Eq. (3-4), with V replaced by V + dV]. The steady-state 
injected charge dQ, due to the increase in voltage by dV, is proportional to the 
total shaded area in Fig. 3-15. Clearly, dQ — dQ’ is represented by the 
lightly shaded area, and hence dQ > dQ’. 

Since dQ’ is the charge injected across the junction in time dt, the current 
is given by 


j= _ gv 


dt D dt 


(3-30) 


Fig. 3-15 The transient buildup of stored 
excess charge. The curve marked (1) gives 
the steady-state value of p, at a time ¢ when 
the voltageis V. If the voltage increases by 
dV and held at V + dV, then p, is given by 
(2) at time ¢ + dt and by (3) até = ~. 
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where we define the small-signal diffusion capacitance Cp by Cp = dQ’/dV. 
Note that the diode current is not given by the steady-state charge Q or static 
capacitance C'p. 

1 a or 1 Cr (3-31) 
Since dQ’ < dQ, then C5 < Cp. 

From the above argument we conclude that the dynamic diffusion capaci- 
tance C’, depends upon how the input voltage varies with time. To find Cp, 
the equation of continuity must be solved for the given voltage waveform. 
This equation controls how p, varies both as a function of x and ¢, and from 
pn(x, t) we can obtain the current. If the input varies with time in an arbi- 
trary way, it may not be possible to define the diffusion capacitance in a 
unique manner. 


Diffusion Capacitance for a Sinusoidal Input For the special case where 
the excitation varies sinusoidally with time, C'; may be obtained from a solu- 
tion of the equation of continuity. This analysis is carried out in Sec. 19-12, 
and Cp is found to be a function of frequency. At low frequencies 


Cb =a ifor<1 (3-32) 


which is half the value found in Eq. (3-27), based upon static considerations. 
For high frequencies, C’p decreases with increasing frequency and is given by 


; oo. 
C= (5) g ifor>1 | (3-33) 
3-10 JUNCTION-DIODE SWITCHING TIMES 


When a diode is driven from the reversed condition to the forward state or in 
the opposite direction, the diode response is accompanied by a transient, and 
an interval of time elapses before the diode recovers to its steady state. The 
forward recovery time t;, is the time difference between the 10 percent point 
of the diode voltage and the time when this voltage reaches and remains within 
10 percent of its final value. It turns out that t;, does not usually constitute 
a serious practical problem, and hence we here consider only the more impor- 
tant situation of reverse recovery. . 


Diode Reverse Recovery Time When an external voltage forward-biases 
a p-n junction, the steady-state density of minority carriers is as shown in 
Fig. 3-14a. The number of minority carriers is very large. These minority 
carriers have, in each case, been supplied from the other side of the junction, 
where, being majority carriers, they are in plentiful supply. 

If the external voltage is suddenly reversed in a diode circuit which has 
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Fig. 3-16 The waveform in (b) is applied to the diode circuit in (a); (c) the excess 
carrier density at the junction; (d) the diode current; (e) the diode voltage. 


been carrying current in the forward direction, the diode current will not 
immediately fall to its steady-state reverse-voltage value. For the current 
cannot attain its steady-state value until the minority-carrier distribution, 
which at the moment of voltage reversal had the form in Fig. 3-14a, reduces 
to the distribution in Fig. 3-146. Until such time as the injected, or excess, 
minority-carrier density Pn — Pno (OF Np — Npo) has dropped nominally to zero, 
the diode will continue to conduct easily, and the current will be determined 
by the external resistance in the diode circuit. 


Storage and Transition Times The sequence of events which accom- 
panies the reverse biasing of a conducting diode is indicated in Fig. 3-16. 
We consider that the voltage in Fig. 3-166 is applied to the diode-resistor 
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circuit in Fig. 3-16a. For a long time, and up to the time f:, the voltage 
v; = Vr has been in the direction to forward-bias the diode. The resistance 
Ry, is assumed large enough so that the drop across R, is large in comparison 
with the drop across the diode. Then the current ist ~ Vr/R, =TIr. At 


the time ¢ = ¢; the input voltage reverses abruptly to the value v = —Ve. 
For the reasons described above, the current does not drop to zero, but instead 
reverses and remains at the value ~ —Vr/R, = —Ipr until the time ¢t = fo. 


At t = ts, as is seen in Fig. 3-16c, the minority-carrier density p, at x = 0 
has reached its equilibrium state p,.. If the diode ohmic resistance is Ra, 
then at the time ¢; the diode voltage falls slightly [by (Ir + Irz)Ra] but does 
not reverse. At ¢ = ta, when the excess minority carriers in the immediate 
neighborhood of the junction have been swept back across the junction, the 
diode voltage begins to reverse and the magnitude of the diode current begins 
to decrease. The interval ¢; to te, for the stored-minority charge to become 
zero, is called the storage time ts. 

The time which elapses between ¢. and the time when the diode has 
nominally recovered is called the transition time t,. This recovery interval 
will be completed when the minority carriers which are at some distance from 
the junction have diffused to the junction and crossed it and when, in addition, 
the junction transition capacitance across the reverse-biased junction has 
charged through R, to the voltage — Vr. 

Manufacturers normally specify the reverse recovery time of a diode ¢,, 
in a typical operating condition in terms of the current waveform of Fig. 
3-16d. The time t,, is the interval from the current reversal at ¢ = ¢; until 
the diode has recovered to a specified extent in terms either of the diode cur- 
rent or of the diode resistance. If the specified value of Az is larger than 
several hundred ohms, ordinarily the manufacturers will specify the capaci- 
tance C', shunting Rz in the measuring circuit which is used to determine f¢,,. 
Thus we find, for the Fairchild 1N3071, that with Jy = 30 mA and Jz = 30 mA, 
the time required for the reverse current to fall to 1.0 mA is 50 nsec. Again 
we find, for the same diode, that with Jr = 30mA, —Vr = —35V, RK, = 2K, 
and C, = 10 pF (—Ir = —35/2 = —17.5 mA), the time required for the 
diode to recover to the extent that its resistance becomes 400 K ist,, = 400 nsec. 
Commercial switching-type diodes are available with times ¢,, in the range from 
less than a nanosecond up to as high as I us in diodes intended for switching 
large currents. 


3-11 BREAKDOWN DIODES? 


The reverse-voltage characteristic of a semiconductor diode, including the 
breakdown region, is redrawn in lig. 3-17a. Diodes which are designed with 
adequate power-dissipation capabilities to operate in the breakdown region 
may be employed as voltage-reference or constant-voltage devices. Such 
diodes are known as avalanche, breakdown, or Zener diodes. They are used 
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(6) 


Fig. 3-17 (a) The volt-ampere characteristic of an avalanche, or Zener, diode. 
(b) A circuit in which such a diode is used to regulate the voltage across R;, against 
changes due to variations in load current and supply voltage. 


characteristically in the manner indicated in Fig. 3-17b. The source V and 
resistor R are selected so that, initially, the diode is operating in the break- 

‘down region. Here the diode voltage, which is also the voltage across the 
load Rr, is Vz, as in Fig. 3-17a, and the diode current is Iz. The diode will 
now regulate the load voltage against variations in load current and against 
variations in supply voltage V because, in the breakdown region, large changes 
in diode current produce only small changes in diode voltage. Moreover, as 
load current or supply voltage changes, the diode current will accommodate 
itself to these changes to maintain a nearly constant load voltage. The diode 
will continue to regulate until the circuit operation requires the diode current 
to fall to zx, in the neighborhood of the knee of the diode volt-ampere curve. 
The upper limit on diode current is determined by the power-dissipation rating 
of the diode. 


Avalanche Multiplication Two mechanisms of diode breakdown for 
increasing reverse voltage are recognized. Consider the following situation: 
A thermally generated carrier (part of the reverse saturation current) falls 
down the junction barrier and acquires energy from the applied potential. 
This carrier collides with a crystal ion and imparts sufficient energy to disrupt 
a covalent bond. In addition to the original carrier, a new electron-hole pair 
has now been generated. These carriers may also pick up sufficient energy 
from the applied field, collide with another crystal ion, and create still another 
electron-hole pair. Thus each new carrier may, in turn, produce additional 
carriers through collision and the action of disrupting bonds. This cumulative 
process is referred to as avalanche multiplication. It results in large reverse 
currents, and the diode is said to be in the region of avalanche breakdown. 


Zener Breakdown Even if the initially available carriers do not acquire 
sufficient energy to disrupt bonds, it is possible to initiate breakdown through 
a direct rupture of the bonds. Because of the existence of the electric field 
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at the junction, a sufficiently strong force may be exerted on a bound electron 
by the field to tear it out of its covalent bond. The new hole-electron pair 
which is created increases the reverse current. Note that this process, called 
Zener breakdown, does not involve collisions of carriers with the crystal ions 
(as does avalanche multiplication). 

The field intensity & increases as the impurity concentration increases, 
for a fixed applied voltage (Prob. 3-25). It is found that Zener breakdown 
occurs at a field of approximately 2 X 107 V/m. This value is reached at 
voltages below about 6 V for heavily doped diodes. For lightly doped diodes 
the breakdown voltage is higher, and avalanche multiplication is the pre- 
dominant effect. Nevertheless, the term Zener is commonly used for the 
avalanche, or breakdown, diode even at higher voltages. Silicon diodes oper- 
ated in avalanche breakdown are available with maintaining voltages from 
several volts to several hundred volts and with power ratings up to 50 W. 


Temperature Characteristics A matter of interest in connection with 
Zener diodes, as with semiconductor devices generally, is their temperature 
sensitivity. The temperature coefficient is given as the percentage change 
in reference voltage per centigrade degree change in diode temperature. 
These data are supplied by the manufacturer. The coefficient may be either 
positive or negative and will normally be in the range +0.1 percent/°C. If 
the reference voltage is above 6 V, where the physical mechanism involved is 
avalanche multiplication, the temperature coefficient is positive. However, 
below 6 V, where true Zener breakdown is involved, the temperature coefficient 
is negative. 

A qualitative explanation of the sign (positive or negative) of the tem- 
perature coefficient of Vz is now given. A junction having a narrow deple- 
tion-layer width, and hence high field intensity, will break down by the Zener 
mechanism. An increase in temperature increases the energies of the valence 
electrons, and hence makes it easier for these electrons to escape from the 
covalent bonds. Less applied voltage is therefore required to pull these elec- 
trons from their positions in the crystal lattice and convert them into conduc- 
tion electrons. Thus the Zener breakdown voltage decreases with temperature. 

A junction with a broad depletion layer, and therefore a low field intensity, 
will break down by the avalanche mechanism. In this case we rely on intrinsic 
carriers to collide with valence electrons and create avalanche multiplication. 
As the temperature increases, the vibrational displacement of atoms in the 
crystal grows. This vibration increases the probability of collisions with the 
lattice atoms of the intrinsic particles as they cross the depletion width. The 
intrinsic holes and electrons thus have less of an opportunity to gain sufficient 
energy between collisions to start the avalanche process. Therefore the value 
of the avalanche voltage must increase with increased temperature. 


Dynamic Resistance and Capacitance A matter of importance in con- 
nection with Zener diodes is the slope of the diode volt-ampere curve in the 
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operating range. If the reciprocal slope AVz/AIz, called the dynamic resis- 
tance, is r, then a change AJz in the operating current of the diode produces a 
change AVz = r Alz in the operating voltage. Ideally, r = 0, corresponding 
to a volt-ampere curve which, in the breakdown region, is precisely vertical. 
The variation of r at various currents for a series of avalanche diodes of fixed 
power-dissipation rating and various voltages show a rather broad minimum 
in the range 6 to 10 V. This minimum value of r is of the order of magnitude 
of a few ohms. However, for values of Vz below 6 V or above 10 V, and 
particularly for small currents (~1 mA), r may be of the order of hundreds 
of ohms. 

Some manufacturers specify the minimum current Jzx (Fig. 3-17a) below 
which the diode should not be used. Since this current is on the knee of the 
above curve, where the dynamic resistance is large, then for currents lower than 
Izx the regulation will be poor. Some diodes exhibit a very sharp knee even 
down into the microampere region. 

The capacitance across a breakdown diode is the transition capacitance, 
and hence varies inversely as some power of the voltage. Since Cr is propor- 
tional to the cross-sectional area of the diode, high-power avalanche diodes 
have very large capacitances. Values of Cr from 10 to 10,000 pF are common. 


Additional Reference Diodes Zener diodes are available with voltages 
as low as about 2 V. Below this voltage it is customary, for reference and 
regulating purposes, to use diodes in the forward direction. As appears in 
Fig. 3-7, the volt-ampere characteristic of a forward-biased diode (sometimes 
called a stabistor) is not unlike the reverse characteristic, with the exception 
that, in the forward direction, the knee of the characteristic occurs at lower 

‘voltage. A number of forward-biased diodes may be operated in series to 
reach higher voltages. Such series combinations, packaged as single units, 
are available with voltages up to about 5 V, and may be preferred to reverse- 
biased Zener diodes, which at low voltages have very large values of dynamic 
resistance. 

When it is important that a Zener diode operate with a low temperature 
coefficient, it may be feasible to operate an appropriate diode at a current 
where the temperature coefficient is at or near zero. Quite frequently, such 
operation is not convenient, particularly at higher voltages and when the 
diode must operate over a range of currents. Under these circumstances 
temperature-compensated avalanche diodes find application. Such diodes 
consist of a reverse-biased Zener diode with a positive temperature coefficient, 
combined in a single package with a forward-biased diode whose temperature 
coefficient is negative. As an example, the Transitron $V3176 silicon 8-V 
reference diode has a temperature coefficient of +0.001 percent/°C at 10 mA 
over the range —55 to +100°C. The dynamic resistance is only 1.50. The 
temperature coefficient remains below 0.002 percent/°C for currents in the 
range 8to12mA. The voltage stability with time of some of these reference 
diodes is comparable with that of conventional standard cells. 
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When a high-voltage reference is required, it is usually advantageous 
(except of course with respect to economy) to use two or more diodes in 
series rather than a single diode. This combination will allow higher volt- 
age, higher dissipation, lower temperature coefficient, and lower dynamic 
resistance. 


3-12 THE TUNNEL DIODE 


A p-n junction diode of the type discussed in Sec. 3-1 has an impurity concen- 
tration of about 1 part in 108. With this amount of doping, the width of the 
depletion layer, which constitutes a potential barrier at the junction, is of the 
order of a micron. This potential barrier restrains the flow of carriers from 
the side of the junction where they constitute majority carriers to the side 
where they constitute minority carriers. If the concentration of impurity 
atoms is greatly increased, say, to 1 part in 103 (corresponding to a density 
in excess of 10!® em~’), the device characteristics are completely changed. 
This new diode was announced in 1958 by Esaki,‘ who also gave the correct 
theoretical explanation for its volt-ampere characteristic. 


The Tunneling Phenomenon The width of the junction barrier varies 
inversely as the square root of impurity concentration [Eq. (3-21)] and there- 
fore is reduced to less than 100 A (10-§ em). This thickness is only about 
one-fiftieth the wavelength of visible light. Classically, a particle must have 
an energy at least equal to the height of a potential-energy barrier if it is to 
move from one side of the barrier to the other. However, for barriers as thin 
as those estimated above in the Esaki diode, the Schrédinger equation indicates 
that there is a large probability that an electron will penetrate through the 
barrier. This quantum-mechanical behavior is referred to as tunneling, and 
hence these high-impurity-density p-n junction devices are called tunnel 
diodes. The volt-ampere relationship is explained in Sec. 19-8 and is depicted 
in Fig. 3-18. 


Characteristics of a Tunnel Diode’ From Fig. 3-18 we see that the 
tunnel diode is an excellent conductor in the reverse direction (the p side of 
the junction negative with respect to the n side). Also, for small forward 
voltages (up to 50 mV for Ge), the resistance remains small (of the order of 
5). At the peak current Ip corresponding to the voltage Vp, the slope dI/dV 
of the characteristic is zero. If V isincreased beyond Vp, the current decreases. 
As a consequence, the dynamic conductance g = dI/dV is negative. The 
tunnel diode exhibits a negative-resistance characteristic between the peak 
current Ip and the minimum value Jy, called the valley current. At the valley 
voltage Vy at which J = Iy, the conductance is again zero, and beyond this 
point the resistance becomes and remains positive. At the so-called “peak 
forward voltage Vr the current again reaches the value Ip. For larger voltages 
the current increases beyond this value. . 
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Fig. 3-18 Volt-ampere characteristic of a tunnel diode. 


For currents whose values are between Iy and Ip, the curve is triple- 
valued, because each current can be obtained at three different applied volt- 
ages. It is this multivalued feature which makes the tunnel diode useful in 
pulse and digital circuitry.® 

The standard circuit symbol for a tunnel diode is given in Fig. 3-19a. 
The small-signal model for operation in the negative-resistance region is indi- 
cated in Fig. 3-19b. The negative resistance —R, has a minimum at the 
point of inflection between Ip and Iy. The series resistance R, is ohmic 
resistance. The series inductance L, depends upon the lead length and the 
geometry of the dipole package. The junction capacitance C' depends upon 
the bias and is usually measured at the valley point. Typical values for 
these parameters for a tunnel diode of peak current value Ip = 10 mA are 
—R, = —300, R, = 19, L, = 5 nH, and C = 20 pF. 

One interest in the tunnel diode is its application as a very high-speed 
switch. Since tunneling takes place at the speed of light, the transient 
response is limited only by total shunt capacitance (junction plus stray wiring 
capacitance) and peak driving current. Switching times of the order of a 
nanosecond are reasonable, and times as low as 50 ps have been obtained. 
A second application® of the tunnel diode is as a high-frequency (microwave) 
oscillator. 

The most common commercially available tunnel diodes are made from 
germanium or gallium arsenide. It is difficult to manufacture a silicon tunnel 
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TABLE 3-1 Typical tunnel-diode parameters 


diode with a high ratio of peak-to-valley current Ip/Iy. Table 3-1 summarizes 
the important static characteristics of these devices. The voltage values in 
this table are determined principally by the particular semiconductor used 
and are almost independent of the current rating. Note that gallium arsenide 
has the highest ratio Ip/Iy and the largest voltage swing Vr — Vp ~ 1.0 V, as 
against 0.45 V for germanium. The peak current Ip is determined by the 
impurity concentration (the resistivity) and the junction area. For computer 
applications, devices with Jp in the range of 1 to 100 mA are most common. 
The peak point (Vp, Ip), which is in the tunneling region, is not a very sensitive 
function of temperature. However, the valley point (Vy, Ivy), which is 
affected by the injection current, is quite temperature-sensitive.® 

The advantages of the tunnel diode are low cost, low noise, simplicity, 
high speed, environmental immunity, and low power. The disadvantages of 
the diode are its low output-voltage swing and the fact that it is a two-terminal 
device. Because of the latter feature, there is no isolation between input and 
output, and this leads to serious circuit-design difficulties. 


3-13 THE SEMICONDUCTOR PHOTODIODE 


If a reverse-biased p-n junction is illuminated, the current varies almost 
linearly with the light flux. This effect is exploited in the semiconductor 
photodiode. This device consists of a p-n junction embedded in a clear plastic, 
as indicated in Fig. 3-20. Radiation is allowed to fall upon one surface 
across the junction. The remaining sides of the plastic are either painted 
black or enclosed in a metallic case. The entire unit is extremely small 
and has dimensions of the order of tenths of an inch. 


Clear plastic 


Fig. 3-20 The construction of a semiconduc- 
tor photodiode. 


Radiation 


80 / INTEGRATED ELECTRONICS Sec. 3-13 


Volt-Ampere Characteristics If reverse voltages in excess of a few tenths 
of a volt are applied, an almost constant current (independent of the magnitude 
of the reverse bias) is obtained. The dark current corresponds to the reverse 
saturation current due to the thermally generated minority carriers. As 
explained in Sec. 3-2, these minority carriers “fall down” the potential hill 
at the junction, whereas this barrier does not allow majority carriers to cross 
the junction. Now if light falls upon the surface, additional electron-hole 
pairs are formed. In Sec. 2-8 we note that it is justifiable to consider the 
radiation solely as a m7nority-carrier injector. These injected minority carriers 
(for example, electrons in the p side) diffuse to the junction, cross it, and 
contribute to the current. 

The reverse saturation current J, in a p-n diode is proportional to the 
concentrations pro and 7p. of minority carriers in the » and p region, respec- 
tively. If we illuminate a reverse-biased p-n junction, the number of new 
hole-electron pairs is proportional to the number of incident photons. Hence 
the current under large reverse bias is J = I, + I,, where I,, the short-circuit 
current, is proportional to the light intensity. Hence the volt-ampere char- 
acteristic is given by 


T=1,+ I,(1 — e¥/1Vr) (3-34) 


where J, I,, and 7, represent the magnitude of the reverse current, and V is 
positive for a forward voltage and negative for a reverse bias. The parameter 
nis unity for germanium and 2 for silicon, and Vr is the volt equivalent of 
temperature defined by Eq. (3-10). 

Typical photodiode volt-ampere characteristics are indicated in lig. 3-21. 
The curves (with the exception of the dark-current curve) do not pass through 
the origin. The characteristics in the millivolt range and for positive bias 
are discussed in the following section, where we find that the photodiode may 
be used under either short-circuit or open-circuit conditions. It should be 
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noted that the characteristics drift somewhat with age. The barrier capaci- 
tance Cr ~ 10 pF, the dynamic resistance R ~ 50 M, and the ohmic resistance 
r = 1002. 


Sensitivity with Position of Illumination The current in a reverse-biased 
semiconductor photodiode depends upon the diffusion of minority carriers to 
the junction. If the radiation is focused into a small spot far away from the 
junction, the injected minority carriers can recombine before diffusing to the 
junction. Hence a much smaller current will result than if the minority 
carriers were injected near the junction. The photocurrent as a function of 
the distance from the junction at which the light spot is focused is indicated 
in Fig. 3-22. The curve is somewhat asymmetrical because of the differences 
in the diffusion lengths of minority carriers in the p and n sides. Incidentally, 
the spectral response of the semiconductor photodiode is the same as that for a 
photoconductive cell, and is indicated in Fig. 2-12. 

The p-n photodiode and, particularly, the improved n-p-n version 
described in Sec. 5-14 find extensive application in high-speed reading of 
computer punched cards and tapes, light-detection systems, reading of film 
sound track, light-operated switches, production-line counting of objects 
which interrupt a light beam, ete. 


3-14 THE PHOTOVOLTAIC EFFECT? 


In Fig. 3-21 we see that an almost constant reverse current due to injected 
minority carriers is collected in the p-n photodiode for large reverse voltages. 
If the applied voltage is reduced in magnitude, the barrier at the junction is 
reduced. This decrease in the potential hill does not affect the minority cur- 
rent (since these particles fall down the barrier), but. when the hill is reduced 
sufficiently, some majority carriers can also cross the junction. These carriers 
correspond to a forward current, and hence such a flow will reduce the net 
(reverse) current. It is this increase in majority-carrier flow which accounts 
for the drop in the reverse current near the zero-voltage axis in Tig. 3-21. 
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An expanded view of the origin in this figure is indicated in Fig. 3-23. (Note 
that the first quadrant of Fig. 3-21 corresponds to the third quadrant of 
Fig. 3-23.) 


The Photovoltaic Potential If a forward bias is applied, the potential 
barrier is lowered, and the majority current increases rapidly. When this 
majority current equals the minority current, the total current is reduced to 
zero. The voltage at which zero resultant current is obtained is called the 
photovoltaic potential. Since, certainly, no current flows under open-circuited 
conditions, the photovoltaic emf is obtained across the open terminals of a 
p-n junction. 

An alternative (but of course equivalent) physical explanation of the 
photovoltaic effect is the following: In Sec. 3-1 we see that the height of 
the potential barrier at an open-circuited (nonilluminated) p-n junction adjusts 
itself so that the resultant current is zero, the electric field at the junction 
being in such a direction as to repel the majority carriers. If light falls on 
the surface, minority carriers are injected, and since these fall down the barrier, 
the minority current increases. Since under open-circuited conditions the 
total current must remain zero, the majority current (for example, the hole 
current in the p side) must increase the same amount as the minority current. 
This rise in majority current is possible only if the retarding field at the junc- 
tion is reduced. Hence the barrier height is automatically lowered as a result 
of the radiation. Across the diode terminals there appears a voltage just equal 
to the amount by which the barrier potential is decreased. This potential is 
the photovoltaic emf and is of the order of magnitude of 0.5 V for a silicon . 
and 0.1 V for a germanium cell. 

The photovoltaic voltage Vinax corresponds to an open-circuited diode. 
If J = 0 is substituted into Eq. (3-34), we obtain 


V imax = nVr In (1 + ‘) (3-35) 


Since, except for very small light intensities, I,/I,>>1, then Vinax increases 
logarithmically with J,, and hence with illumination. Such a logarithmic 
relationship is obtained experimentally. 


Maximum Output Power If a resistor Ry, is placed directly across the 
diode terminals, the resulting current can be found at the intersection of the 
characteristic in Fig. 3-23 and the load line defined by V = —IR,. If Rz = 0, 
then the output voltage V is zero, and for Ry, = ©, the output current J is 
zero. Hence, for these two extreme values of load, the output power is zero. 
If for each assumed value of R; the values of V and J are read from Fig. 3-23 
and P = VI is plotted versus R;, we can obtain the optimum load resistance 
to give maximum output power. For the types LS222 and LS223 photovoltaic 
light sensors, this optimum load is 3.4 K and Pmax ~ 34 »W. When the p-n 
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Fig. 3-23 Volt-ampere characteristics for the LS222 and LS223 p-n 
junction photodiodes at a light intensity of 500 fe. (Courtesy of Texas 
Instruments, Inc.) 


photodiode is used as an energy converter (to transform radiant energy into 
electric energy), the optimum load resistance should be used. 


The Short-circuit Current We see from Fig. 3-23 and Eq. (3-34) that a 
‘definite (nonzero) current is obtained for zero applied voltage. Hence a 
junction photocell can be used under short-circuit conditions. As already 
emphasized, this current J, is proportional to the light intensity. Such a 
linear relationship is obtained experimentally. 


Solar-energy Converters The current drain from a photovoltaic cell 
may be used to power electronic equipment or, more commonly, to charge 
auxiliary storage batteries. Such energy converters using sunlight as the pri- 
mary energy are called solar batteries and are used in satellites like the Telstar. 
A silicon photovoltaic cell of excellent stability and high (~14 percent) con- 
version efficiency is made by diffusing a thin n-type impurity onto a p-type 
base. In direct noonday sunlight such a cell generates an open-circuit voltage 
of approximately 0.6 V. 


3-15 LIGHT-EMITTING DIODES 


Just as it takes energy to generate a hole-electron pair, so energy is released 
when an electron recombines with a hole. In silicon and germanium this 
recombination takes place through traps (Sec. 2-8) and the liberated energy 
goes into the crystal as heat. However, it is found that in other semicon- 
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ductors, such as gallium arsenide, there is a considerable amount of direct 
recombination without the aid of traps. Under such circumstances the encrgy 
released when an electron falls from the conduction into the valence band 
appears in the formof radiation. Such a p-ndiode is called a light-emitting diode 
(LED), although the radiation is principally in the infrared. The efficiency of 
the process of light generation increases with the injected current and with 
a decrease intemperature. The light is concentrated near the junction because 
most of the carriers are to be found within a diffusion length of the junction. 

Under certain conditions, the emitted light is coherent (essentially mono- 
chromatic). Such a diode is called an injection junction laser. 
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REVIEW QUESTIONS 


3-1 Consider an open-circuited p-n junction. Sketch curves as a function of 
distance across the junction of space charge, electric field, and potential. 

3-2 (a) What is the order of magnitude of the space-charge width at a p-n junc- 
tion? (6) What does this space charge consist of—electrons, holes, neutral donors, 
neutral acceptors, ionized donors, ionized acceptors, ete.? 

3-3 (a) For a reverse-biased diode, does the transition region increase or decrease 
in width? (b) What happens to the junction potential? 

3-4. Explain why the p-n junction contact potential cannot be measured by 
placing a voltmeter across the diode terminals. 

3-5 Explain physically why a p-n diode acts as a rectifier. 

3-6 (a) Write the law of the junction. (b) Define all terms in this equation. 
(c) What does this equation state for a large forward bias? (d) A large reverse bias? 

3-7. Plot the minority-carrier current components and the total current in a p-n 
diode as a function of the distance from the junction. 

3-8 Plot the hole current, the electron current, and the total current as a function 
of distance on both sides of a p-n junction. Indicate the transition region. 

3-9 (a) Write the volt-ampere equation for a p-n diode. (b) Explain the meaning 
of each symbol. 

3-10 Plot the volt-ampere curves for germanium and silicon to the same scale, 
showing the cutin value for each. 

3-11 (a) How does the reverse saturation current of a p-n diode vary with 
temperature? (b) How does the diode voltage (at constant current) vary with 
temperature? 

3-12 How does the dynamic resistance r of a diode vary with (a) current and 
(b) temperature? (c) What is the order of magnitude of r for silicon at room tempera- 
ture and for a de current of 1 mA? 

3-13 (a) Sketch the piecewise linear characteristic of a diode. (6) What are the 
approximate cutin voltages for silicon and germanium? 

3-14 Consider a step-graded p-n junction with equal doping on both sides of the 
junction (V4 = Np). Sketch the charge density, field intensity, and potential as a 
function of distance from the junction for a reverse bias. 

3-15. (a) How does the transition capacitance Cr vary with the depletion-layer 
width? (b) With the applied reverse voltage? (c) What is the order of magnitude 
of Cr? 

3-16 What is a varactor diode? 

3-17 Plot the minority-carrier concentration as a function of distance from a p-n 
junction in the n side only for (a) a forward-biased junction, (b) a negatively biased 
junction. Indicate the excess concentration and note where it is positive and where 
negative. 
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3-18 Under steady-state conditions the diode current is proportional to a charge 
Q. (a) What is the physical meaning of the factor of proportionality? (6) What 
charge does Q represent—transition layer charge, injected minority-carrier charge, 
majority-carrier charge, etc.? 

3-19 (a) How does the diffusion capacitance Cp vary with de diode current? 
(b) What does the product of Cp and the dynamic resistance of a diode equal? 

3-20 What is meant by the minority-carrier storage tume of a diode? 

3-21 A diode in series with a resistor R, is forward-biased by a voltage Vr. 
After a steady state is reached, the input changes to —Ver. Sketch the current as a 
function of time. Explain qualitatively the shape of this curve. 

3-22 (a) Draw the volt-ampere characteristic of an avalanche diode. (6) What 
is meant by the knee of the curve? (c) By the dynamic resistance? (d) By the 
temperature coefficient? 

3-23 Describe the physical mechanism for avalanche breakdown. 

3-24 Describe the physical mechanism for Zener breakdown. 

3-25 Draw a circuit which uses a breakdown diode to regulate the voltage across 
a load. 

3-26 Sketch the volt-ampere characteristic of a tunnel diode. Indicate the 
negative-resistance portion. 

3-27 Draw the small-signal model of the tunnel diode operating in the negative- 
resistance region. Define each circuit element. 

3-28 (a) Draw the volt-ampere characteristics of a p-n photodiode. (6) Does the 
current correspond to a forward- or reverse-biased diode? (c) Each curve is drawn for 
a different value of what physical parameter? 

3-29 (a) Write the equation for the volt-ampere characteristic of a photodiode. 
(b) Define each symbol in the equation. 

3-30 (a) Sketch the curve of photodiode current as a function of the position of a 
narrow light source from the junction. (b) Explain the shape of the curve. 

3-31 (a) Define photovoltaic potential. (6) What is its order of magnitude? 
(c) Does it correspond to a forward or a reverse voltage? 

3-32 Explain how to obtain maximum power output from a photovoltaic cell. 

3-33 What is a light-emitting diode? 


DIODE CIRCUITS 


The p-n junction diode is considered as a circuit element. The concept 
of “load line’ is introduced. The piecewise linear diode model is 
exploited in the following applications: clippers (single-ended and 
double-ended), comparators, diode gates, and rectifiers. Half-wave, 
full-wave, bridge, and voltage-doubling rectification are considered. 
Capacitor filters are discussed. 

Throughout this chapter we shall assume that the input wave- 
forms vary slowly enough so that the diode switching times (Sec. 3-10) 
may be neglected. 


4-1 THE DIODE AS A CIRCUIT ELEMENT 


The basic diode circuit, indicated in Fig. 4-1, consists of the device in 
series with a load resistance R, and an input-signal source v;. This cir- 
cuit is now analyzed to find the instantaneous current 7 and the 
instantaneous diode voltage v, when the instantaneous input voltage 
1S U;. 


The Load Line From Kirchhoff’s voltage law (KVL), 
v= Ue Rr (4-1) 


where R, is the magnitude of the load resistance. This one equation 
is not sufficient to determine the two unknowns v and 17 in this expres- 
sion. However, a second relation between these two variables is given 
by the static characteristic of the diode (Fig. 3-7). In Fig. 4-2a is 
indicated the simultaneous solution of Eq. (4-1) and the diode char- 
acteristic. The straight line, which is represented by Ey. (4-1), is 
called the load line. The load line passes through the points 7 = 0, 
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Fig. 4-1 The basic diode circuit. The anode (the p 
side) of the diode is marked A, and the cathode (the n 
side) is labeled K. 


v =v; andi = v,/R,, v = 0. That is, the intercept with the voltage axis is 
v;, and with the current axis is v,/R,;. The slope of this line is determined, 
therefore, by R,; the negative value of the slope is equal to 1/R,. The point 
of intersection A of the load line and the static curve gives the current 74 
that will flow under these conditions. This construction determines the cur- 
rent in the circuit when the instantaneous input potential is 2,. 

A slight complication may arise in drawing the load line because z = v;/Rr 
is too large to appear on the printed volt-ampere curve supplied by the manu- 
facturer. Under such circumstance choose an arbitrary value of current I’ 
which is on the vertical axis of the printed characteristic. Then the load line 
is drawn through the point P (Fig. 4-2a), where 7 = I’, v = »; — I'Rz, and 
through a second point 7 = 0, v = »,. 


The Dynamic Characteristic Consider now that the input voltage is 
allowed to vary. Then the above procedure must be repeated for each volt- 
age value. A plot of current vs. input voltage, called the dynamic charac- 
teristic, may be obtained as follows: The current 7,4 is plotted vertically above 
v; at point B in Fig. 4-2b. As v; changes, the slope of the load line does not 


Fig. 4-2. (a) The intersection A of the load line with the diode static characteristic 
gives the current 74 corresponding to an instantaneous input voltage v;. (b) The 
method of constructing the dynamic curve from the static curve and the load line. 
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Output voltage j 


Fig. 4-3 The method of obtaining the output-voltage wave- 


form from the transfer characteristic for a given input-signal- 
voltage waveform. 


vary since R, is fixed. Thus, when the applied potential has the value v;, the 
corresponding current is 74. This current is plotted vertically above v; at B’. 
The resulting curve OBB’ that is generated as v; varies is the dynamic 
characteristic. 


The Transfer Characteristic The curve which relates the output voltage 
v, to the input »; of any circuit is called the transfer, or transmission, character- 
istic, Since in Fig. 4-1 », = iRz, then for this particular circuit the transfer 
curve has the same shape as the dynamic characteristic. 

It must be emphasized that, regardless of the shape of the static volt- 
ampere characteristic or the waveform of the input signal, the resultant output 
waveshape can always be found graphically (at low frequencies) from the 
transfer curve. This construction is illustrated in Fig. 4-3. The input-signal 
waveform (not necessarily triangular) is drawn with its time axis vertically 
downward, so that the voltage axis is horizontal. Suppose that the input 
voltage has the value v,;4 indicated by the point A at an instant t’. The corre- 
sponding output voltage is obtained by drawing a vertical line through: A 
and noting the voltage v,4 where this line intersects the transfer curve. This 
value of v, is then plotted (a) at an instant of time equal tot’. Similarly, points 
b,c, d, . . . of the output waveform correspond to points B, C, D, . . . of the 
input-voltage waveform. Note that v. = 0 forv; < V,, so that the diode acts 
as a clipper and a portion of the input signal does not appear at the output. 
Also note the distortion (the deviation from linearity) introduced into the 
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Fig. 4-4 The output circuit of most devices 
consist of a supply voltage V in series with a load 
resistance FR. 


output in the neighborhood of »; = V, because of the nonlinearity in the 
transfer curve in this region. 


4-2 THE LOAD-LINE CONCEPT 


We now show that the use of the load-line construction allows the graphical 
analysis of many circuits involving devices which are much more complicated 
than the p-n diode. The external circuit at the output of almost all devices 
consists of a de (constant) supply voltage V in series with a load resistance 
f,, as indicated in Fig. 4-4. Since KVL applied to this output circuit yields 


v= V—iR, (4-2) 


we once again have a straight-line relationship between output current 7 and 
output (device) voltage v. The load line passes through the point 7 = 0, 
v = V and has a slope equal to —1/Rz independently of the device characteristics. 
A p-n junction diode or an avalanche diode possesses a single volt-ampere 
characteristic at a given temperature. However, most other devices must be 
described by a family of curves. For example, refer to Fig. 3-21, which gives 
the volt-ampere characteristics of a photodiode, where a separate curve is 
drawn, for each fixed value of light intensity. The load line superimposed 
upon these characteristics corresponds to a 40-V supply and a load resistance 
of 40/800 M= 50 K. Note that, from the intersection of the load line with 
the curve for an intensity L = 3,000 fe, we obtain a photodiode current of 
530 wA and a device voltage of 13.5 V. For L = 2,000 fe, i = 320 wA, and 
v = 24.0 V, ete. 

The volt-ampere characteristics of a transistor (which is discussed in the 
following chapter) are similar to those in Fig. 3-21 for the photodiode. How- 
ever, the independent parameter, which is held constant for each curve, is the 
input transistor current instead of light intensity. The output circuit is iden- 
tical with that in Fig. 4-4, and the graphical analysis begins with the construc- 
tion of the load line. 


4-3 THE PIECEWISE LINEAR DIODE MODEL 


If the reverse resistance R, is included in the diode characteristic of Fig. 3-9, 
the piecewise linear and continuous volt-ampere characteristic of Fig. 4-5a is 
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Fig. 4-5 (a) The piece- 
wise linear volt-ampere 
characteristic of a p-n 
diode. (b) The large- 
signal model in the on, or 
forward, direction (anode 
A more positive than V, 
with respect to the cath- 
ode). (c) The model in 
the orf, or reverse, direc- 
tion (v < Vy). 


BN 


(a) (b) (c) 


obtained. The diode is a binary device, in the sense that it can exist in only 
one of two possible states; that is, the diode is either oN or OFF at a given time. 
If the voltage applied across the diode exceeds the cutin potential V, with the 
anode A (the p side) more positive than the cathode K (the n side), the diode 
is forward-biased and is said to be in the on state. The large-signal model for 
the on state is indicated in Fig. 4-5b as a battery V, in series with the low 
forward resistance Ry (of the order of a few tens of ohms or less). For a reverse 
bias (v < V,) the diode is said to be in its orr state. The large-signal model 
for the orF state is indicated in Fig. 4-5c as a large reverse resistance R, (of 
the order of several hundred kilohms or more). Usually R, is so much larger 
than any other resistance in the diode circuit that this reverse resistance may 
be considered to be infinite. We shall henceforth assume that R, = ©, 
unless otherwise stated. 


A Simple Application Consider that in the basic diode circuit of Fig. 4-1 
the input is sinusoidal, so that v; = V» sin a, where a = wt, w = 2af, and f is 
the frequency of the input excitation. Assume that the piecewise linear model 
of Fig. 4-5 (with R, = ©) is valid. The current in the forward direction 
(v; > Vy) may then be obtained from the equivalent circuit of Fig. 4-6a. 
We have 


_ Va sina — V, 


4- 
Ri + Ry (3) 


for v; = Vm sina > Vy andi = 0 for v; < V,. This waveform is plotted in 
Fig. 4-6), where the cutin angle ¢ is given by 


¢@ = aresin 7 (4-4) 


If, for example, Vm = 2V,, then @ = 30°. For silicon (germanium), 


V, = 0.6 V (0.2 V), 
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(a) (b) 


Fig. 4-6 (a) The equivalent circuit of a diode D (in the on state) in 
series with a load resistance R, and a sinusoidal voltage v;. (b) 
The input waveform v; and the rectified current i. 


and hence a cutin angle of 30° is obtained for very small peak sinusoidal 
voltages; 1.2 V (0.4 V) for Si (Ge). On the other hand, if V,, > 10 V, then 
@ < 3.5° (1.2°) for Si (Ge) and the cutin angle may be neglected; the diode 
conducts essentially for a full half cycle. Such a rectifier is considered in more 
detail in Sec. 4-8. 

Incidentally, the circuit of Fig. 4-6 may be used to charge a battery from 
an ac supply line. The battery Vz is placed in series with the diode D, and 
R, is adjusted to supply the desired de (average) charging current. The 
instantaneous current is given by Eq. (4-3), with Vg added to V,. 


The Break Region The piecewise linear approximation given in Fig. 4-5a 
indicates an abrupt discontinuity in slope at V,. Actually, the transition 
of the diode from the orr condition to the on state is not abrupt. Therefore 
the waveform transmitted through a clipper or a rectifier will not show an 
abrupt change of attenuation at a break point, but instead there will exist a 
break region, that is, a region over which the slope of the diode characteristic 
changes gradually from a very small to a very large value. We shall now 
estimate. the range of voltage of this break region. 

The break point is defined at the voltage V,, where the diode resistance 
changes discontinuously from the very large value R, to the very small value 
Ry. Hence, let us arbitrarily define the break region as the voltage change 
over which the diode resistance is multiplied by some large factor, say 100. 
The incremental resistance r = dV/dI = 1/g is, from Eq. (3-13), 


rat evinrs (4-5) 


o 


If Vi(V2) is the potential at which r = 7;(r2), then 


MLL VWI (4-6) 


Te 
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For 7:/r2 = 100, AV = V2 — Vi = Vr In 100 = 0.12 V for Ge (y = 1) and 
0.24 V for Si (7 = 2) at room temperature. Note that the break region AV is 
only one- or two-tenths of a volt. If the input signal is large compared with 
this small range, then the piecewise linear volt-ampere approximation and 
models of Fig. 4-5 are valid. 


Analysis of Diode Circuits Using the Piecewise Linear Model Consider 
a circuit containing several diodes, resistors, supply voltages, and sources of 
excitation. A general method of analysis of such a circuit consists in assuming 
(guessing) the state of each diode. For the on state, replace the diode by a 
battery V, in series with a forward resistance R,, and for the orF state replace 
the diode by the reverse resistance R, (which can usually be taken as infinite), 
as indicated in Fig. 4-5b and c. After the diodes have been replaced by these 
piecewise linear models, the entire circuit is linear and the currents and voltages 
everywhere can be calculated using Kirchhoff’s voltage and current laws. 
The assumption that a diode is on can then be verified by observing the sign 
of the current through it. If the current is in the forward direction (from 
anode to cathode), the diode is indeed on and the initial guess is justified. 
However, if the current is in the reverse direction (from cathode to anode), 
the assumption that the diode is on has been proved incorrect. Under this 
circumstance the analysis must begin again with the diode assumed to be orF. 

Analogous to the above trial-and-error method, we test the assumption 
that a diode is orF by finding the voltage across it. If this voltage is either 
in the reverse direction or in the forward direction but with a voltage less 
than V,, the diode is indeed orr. However, if the diode voltage is in the 
forward direction and exceeds V,, the diode must be on and the original 
assumption is incorrect. In this case the analysis must begin again by assum- 
ing the on state for this diode. 

The above method of analysis will be employed in the study of the diode 
circuits which follows. 


4-4 CLIPPING (LIMITING) CIRCUITS 


Clipping circuits are used to select for transmission that part of an arbitrary 
waveform which lies above or below some reference level. Clipping circuits 
are also referred to as voltage (or current) limiters, amplitude selectors, or 
slicers. 

In the above sense, Fig. 4-1 is a clipping circuit, and input voltages 
below V, are not transmitted to the output, as is evident from the waveforms 
of Figs. 4-3 and 4-6. Some of the more commonly employed clipping circuits 
are now to be described. 

Consider the circuit of Fig. 4-7a. Using the piecewise linear model, the 
transfer characteristic of Fig. 4-7b is obtained, as may easily be verified. 
For example, if D is orr, the diode voltage v < V,andv,; < V,+ Vr. How- 
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Fig. 4-7 (a) A diode clipping circuit which transmits that part of the waveform 
more negative than Vre+ V,. (b) The piecewise linear transmission characteristic 
_of the circuit. A sinusoidal input and the clipped output are shown, 


ever, if D is orr, there is no current in R and», = v,;. This argument justifies 
the linear portion (with slope unity) of the transmission characteristic extending 
from arbitrary negative values tov, = Ve + Vy. For»; larger than Ve + V,, 
the diode conducts, and it behaves as a battery V, in series with a resistance 
R;, so that increments Av, in the input are attenuated and appear at the output 
as increments Av, = Av,R;/(R; +R). This verifies the linear portion of 
slope R;/(R; + R) for v; > Ve + Vy in the transfer curve. Note that the 
transmission characteristic is piecewise linear and continuous and has a break 
point at Ve + Vy. 

Figure 4-7b shows a sinusoidal input signal of amplitude large enough 
so that the signal makes excursions past the break point. The corresponding 
output exhibits a suppression of the positive peak of the signal. If Ry < R, 
this suppression will be very pronounced, and the positive excursion of the 
output will be sharply limited at the voltage Ve + V,. The output will 
appear as though the positive peak had been “clipped off” or “sliced off.” 
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Often it turns out that Vr >> Vy, in which case one may consider that Ve 
itself is the limiting reference voltage. 

In Fig. 4-8a the clipping circuit has been modified in that the diode in 
Fig. 4-7a has been reversed. The corresponding piecewise linear representa- 
tion of the transfer characteristic is shown in Fig. 4-8b. In this circuit, the 
portion of the waveform more positive than Vr — V, is transmitted without 
attenuation, but the less positive portion is greatly suppressed. 

In Figs. 4-7b and 4-8b we have assumed R, arbitrarily large in comparison 
with R. If this condition does not apply, the transmission characteristics 
must be modified. The portions of these curves which are indicated as having 
unity slope must instead be considered to have a slope R,/(R, + F). 

In a transmission region of a diode clipping circuit we require that R, > R, 
for example, that R, = kR, where k is a large number. In the attenuation 
region, we require that R > R,, for example, that R = kR;. From these two 


equations we deduce that R = VR;R, and that k = VR,/R;. On this 


~— D on > D orF —> 


Fig. 4-8 (a) A diode clipping circuit which transmits that part of the wave- 
form more positive than Vz — V,. (b) The piecewise linear transmission 
characteristic of the circuit. A sinusoidal input and the clipped output are 
shown. 
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Fig. 4-9 Four diode clipping circuits. In (a) and (c) the diode appears as a 


shunt element. In (b) and (d) the diode appears as a series element. Under each 
circuit appears the output waveform (solid) for a sinusoidal input. The clipped 
portion of the input is shown dashed. 


basis we conclude that it is reasonable to select R as the geometrical mean of 
R, and R;. And we note that the ratio R,/R; may well serve as a figure of 
merit for diodes used in the present application. 


Additional Clipping Circuits Jigures 4-7 and 4-S appear again in Irig. 4-9, 
together with variations in which the diodes appear as series elements. If in 
each case a sinusoid is applied at the input, the waveforms at the output will 
appear as shown by the heavy lines. In these output waveforms we have 
neglected V, in comparison with Vr and we have assumed that the break region 
is negligible in comparison with the amplitude of the waveforms. We have 
also assumed that PR, > R >> Ry; In two of these circuits the portion of the 
waveform transmitted is that part which les below Vr; in the other two the 
portion above Vp is transmitted. In two the diode appears 4s an element 
in series with the signal lead; in two it appears as a shunt element. The use 
of the diode as a series element has the disadvantage that when the diode 1s 
oFF and it is intended that there be no transmission, fast signals or high- 
frequency waveforms may be transmitted to the output through the diode 
capacitance. The use of the diode as a shunt element has the disadvantage 
that when the diode is open (back-biased) and it is intended that there be 
transmission, the diode capacitance, together with all other capacitance in 
shunt with the output terminals, will round sharp edges of input waveforms 
and attenuate high-frequency signals. A second disadvantage of the use 
of the diode as a shunt element is that in such circuits the impedance RF, of the 
source which supplies Vg must be kept low. This requirement does not arise 
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in circuits where Vz is in series with R, which is normally large compared with 
R,. 


4-5 CLIPPING AT TWO INDEPENDENT LEVELS 


Diode clippers may be used in pairs to perform double-ended limiting at 
independent levels. A parallel, a series, or a series-parallel arrangement may 
be used. A parallel arrangement is shown in Fig. 4-10a. Figure 4-10b shows 
the piecewise linear and continuous input-output voltage curve for the circuit 
in Fig. 4-10a. The transfer curve has two break points, one atv, = v; = Vai 
and a second at». = v; = Vre, and has the following characteristics (assuming 
Vro > Vr>V,and Ry <BR): 


Input v; Output v, Diode states 
vi < Vri Vo = Vri D1 on, D2 oFF 
Va <vu; < Vre Vo = 0; D1 orr, D2 o¥F 


v; > Vro Vo = Vro D1 orr, D2 on 


D1 orF 
D2 on 


(b) : (a) 


Fig. 4-10 (a) A double-diode clipper which limits at two independent levels. 
(b) The piecewise linear transfer curve for the circuit in (a). The doubly clipped 
output for a sinusoidal input is shown. 
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(a) (6) 
Fig. 4-11 (a) A double-ended clipper using avalanche diodes; 


(b) the transfer characteristic. 


The circuit of Fig. 4-10a is referred to as a slicer because the output contains 
a slice of the input between the two reference levels Vri and Vro. 

The circuit is used as a means of converting a sinusoidal waveform into a 
square wave. In this application, to generate a symmetrical square wave, 
Vri and Vpz are adjusted to be numerically equal but of opposite sign. The 
transfer characteristic passes through the origin under these conditions, and 
the waveform is clipped symmetrically top and bottom. If the amplitude 
of the sinusoidal waveform is very large in comparison with the difference 
in the reference levels, the output waveform will have been squared, 

Two avalanche diodes in series opposing, as indicated in Fig. 4-1lla, 
constitute another form of double-ended clipper. If the diodes have identical 
characteristics, a symmetrical limiter is obtained. If the breakdown (Zener) 
voltage is Vz and if the diode cutin voltage is V,, then the transfer character- 
istic of Fig. 4-11b is obtained. 


Catching or Clamping Diodes Consider that v; and R in Fig. 4-10a 
represent Thévenin’s equivalent circuit at the output of a device, such as an 
amplifier. In other words, R is the output resistance and 2; is the open-circuit 
output signal. In such a situation Dl and D2 are called catching diodes. 
The reason for this terminology should be clear from Fig. 4-12, where we see 


D2 


Fig. 4-12 Catching diodes D1 and D2 limit the out- 
put excursion of the device between Vp: and Vap. 
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that D1 ‘“‘catches’’ the output v, and does not allow it to fall below Vei, whereas 
D2 “catches” v, and does not permit it to rise above V ro. 

Generally, whenever a node becomes connected through a low resistance 
(as through a conducting diode) to some reference voltage Vr, we say that 
the node has been clamped to Va, since the voltage at that point in the circuit 
is unable to depart appreciably from Vz. In this sense the diodes in Fig. 4-12 
are called clamping diodes. 

A circuit for clamping the extremity of a periodic waveform to a reference 
voltage is considered in Sec. 4-11. 


4-6 COMPARATORS 


The nonlinear circuits which we have used to perform the operation of clipping 
may also be used to perform the operation of comparison. In this case the 
circuits become elements of a comparator system and are usually referred to 
simply as comparators. A comparator circuit is one which may be used to 
mark the instant when an arbitrary waveform attains some reference level. 
The distinction between comparator circuits and the clipping circuits con- 
sidered earlier is that in a comparator there is no interest in reproducing any 
part of the signal waveform. Tor example, the comparator output may consist 
of an abrupt departure from some quiescent level which occurs at the time the 
signal attains the reference level but is otherwise independent of the signal. 
Or the comparator output may be a sharp pulse which occurs when signal and 
reference are equal. 

The diode circuit of Fig. 4-13a which we encountered earlier as a clipping 
circuit is used here in a comparator operation. For the sake of illustration 
the input signal is taken as a ramp. This input crosses the voltage level 
v, = Ve + V, at time t = t. The output remains quiescent at », = Ve until 
t = t, after which it rises with the input signal. 

The device to which the comparator output is applied will respond when 
the comparator voltage has risen to some level V, above Vz. However, the 
precise voltage at which this device responds is subject to some variability 
Av, because of gradual changes which result from aging of components, temper- 
ature changes, etc. As a consequence (as shown in Fig. 4-136) there will be a 
variability At in the precise moment at which this device responds and an 
uncertainty Av; in the input voltage corresponding to At. Furthermore, if 
the device responds in the range Av,, the device will respond not at ¢ = f1, 
but at some later time f2. The situation may be improved by increasing the 
slope of the rising portion of the output waveform v,. If the diode were 
indeed ideal, it would be advantageous to follow the comparator of Fig. 4-138a 
by an amplifier. However, because of the exponential characteristic of a 
physical diode, such an anticipated advantage is not realized.' 

Although an amplifier which follows a diode-resistor comparator does not 
improve the sharpness of the comparator break, an amplifier preceding the 


100 / INTEGRATED ELECTRONICS Sec. 4-7 


0 ty to t 


Fig. 4-13 (a) A diode comparator; (b) the comparison operation is 
illustrated with a ramp input signal »,, and the corresponding output 
waveform is indicated. 


comparator will do so. Thus, suppose that the input signal to a diode com- 
parator must go through a range Av; to carry the comparator through its 
uncertainty region. Then, if the amplifier has a gain A, the input signal need 
only go through the range Av,;/A to carry the comparator output through the 
same voltage range. The amplifier must be direct-coupled and must be 
extremely stable against drift due to aging of components, temperature change, 
etc. Such an amplifier is the difference or operational amplifier discussed 
in Sec. 15-2. Comparators are treated in detail in Sec. 16-11. 


4-7 SAMPLING GATE 


An ideal sampling gate is a transmission circuit in which the output is an 
exact reproduction of an input waveform during a selected time interval and 
is zero otherwise. The time interval for transmission is selected by an exter- 
nally impressed signal, called the control, or gating, stynal, and is usually rec- 
tangular in shape. These sampling gates are also referred to as transmission 
gates, or ttme-selection circutts. 

A four-diode sampling gate is indicated in Vig. 4-14a. This circuit has 
the topology of a bridge with the external signal v, applied at node P,, the 
output v, taken across the load R, at node Ps, and symmetrical control voltages 
+v, and —»v, applied to nodes P3; and P, through the control resistors R.. 
The rectangularly shaped v,, the sinusoidal v, (it could be of arbitrary wave- 
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shape), and the sampled output v, are drawn in Fig. 4-14b. Note that the 
period of v, need not be the same as that of v,, although in most practical sys- 
tems the period of v, would equal or be an integral multiple of that of vs. 

If we assume ideal diodes with V, = 0, Ry; = 0, R, = &, the operation 
of the circuit is easily understood. During the time interval T., when ev, = V., 
all four diodes conduct and the voltage across each is zero. Hence nodes P, 
and P» are at the same potential and », = v,. The output is therefore an 
exact replica of the input during the selection time T,. During the time 7), 
when v, = —V,, all four diodes are nonconducting and the current in Ry 1s 
zero, so that v. = 0. 

We must now justify the statements made in the preceding paragraph 
that during 7, all diodes conduct and during 7’, all diodes are nonconducting. 
Consider the situation when v. = —V,, —v. = +V,, and v, = V, = the 
(positive) peak signal voltage. Let us assume that all diodes are reverse- 
biased, so that v, = 0, and then justify this assumption (Sec. 4-3). From 
Fig. 4-14a we see that D1 and D2 are each reverse-biased by V,, that D3 is 
reverse-biased by V, + V;, and that the voltage across D4 (in the forward 
direction) is V, — V,. Hence diodes D1, D2, and D8 are orr for any value 
of V, or V, and D4 is orr provided that V, > V., or the minimum value of 
V, 1s given by 


(Vn) min = V; (4-7) 


In other words, there is a restriction on the control-gate amplitude during the 
nonconducting interval 7,; the minimum value of V, just equals the peak 


(a) (b) 


Fig. 4-14 (a) A four-diode-bridge sampling gate. (b) The control v,, the signal 
vs, and the output v, waveforms. 
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Fig. 4-15 The diodes in Fig. 4-14 are replaced by short circuits. (a) The currents 
due to V.; (b) the currents due to V,. 


signal voltage V, if we require that all four diodes be nonconducting during 
this interval. 

Consider now the situation during T,, when v, = +V., —v. = —V,, and 
v, = V,. We now assume that all four diodes are on and then determine the 
restriction required upon V, so that each diode current is indeed in the forward 
direction. The current in each diode consists of two components, one due to 
V. (as indicated in Fig. 14-15a) and the other due to V, (as indicated in Fig. 
14-156). The current due to V, is V,/2R, and is in the forward direction in 
each diode, but the current due to V, is in the reverse direction in D3 (between 
P3; and P;) and in D2 (between P, and P,). The larger reverse current is in 
D3 and equals V,/R. + V./2Rz, and hence this quantity must be less than 
V./2R,. The minimum value of V, is therefore given by 


rm) | (4-8) 


R 

Balance Conditions Assume that v, = 0 but that the four diodes are not 
identical in the parameters V, and R, (which are now no longer taken to be 
zero). Then the bridge will not be balanced and node P; is not at the same 
potential (ground) as P;. Under these circumstances a portion of the rec- 
tangular control waveform appears at the output. In other words, during 
T, the output is v. = Vi, instead of zero. If now the restriction v, = 0 is 
removed, the sampled portion of the output v, in Fig. 4-146 will be raised with 
respect to ground by the voltage V;, and », is said to be “sitting upon a ped- 
estal.” Fortunately, all four diodes can be fabricated simultaneously on a 
tiny chip of silicon by integrated-circuit techniques (Chap. 7), and this ensures 
matched diodes, so that the pedestal is minimized. It must be emphasized 
that even with identical diodes a pedestal will exist in the output if the two 
control waveforms are not balanced (one control signal must be the negative of 
the other). Other sampling circuits which minimize control-signal imbalance 
are possible.’ 


(Ve) min = V, (2 + 
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4-8 RECTIFIERS 


Almost all electronic circuits require a de source of power. For portable low- 
power systems batteries may be used. More frequently, however, electronic 
equipment is energized by a power supply, a piece of equipment which converts 
the alternating waveform from the power lines into an essentially direct voltage. 
The study of ac-to-de conversion is initiated in this section. 


A Half-wave Rectifier A device, such as the semiconductor diode, which 
is capable of converting a sinusoidal input waveform (whose average value is 
zero) into a unidirectional (though not constant) waveform, with a nonzero 
average component, is called a rectifier. The basic circuit for half-wave rectifi- 
cation is shown in Fig. 4-16. Since ina rectifier circuit the input v; = Vz sin wt 
has a peak value V,, which is very large compared with the cutin voltage V, 
of the diode, we assume in the following discussion that V, = 0. (The con- 
dition V, ~ 0 is treated in Sec. 4-8, and the current waveform is shown in 
Fig. 4-66.) With the diode idealized to be a resistance R; in the on state and 
an open circuit in the orF state, the current 2 in the diode or load Ry, is given 
by 

1=I1, sina ifO<a<r 


(4-9) 
1=0 ifm# <a < 2r 
where a = wi and 
Vin 
n= > 4- 
I Ry + Rr (4-10) 


The transformer secondary voltage v; is shown in Fig. 4-16), and the rectified 


4 ; 


7 27 a=oat 


(6) 


(c) 0 7 2a a 


Fig. 4-16 (a) Basic circuit of half-wave rectifier. (6) Transformer sinusoidal 
secondary voltage v,;. (c) Diode and load current 2. 
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current in Fig. 4-16c. Note that the output current is unidirectional. We 
now calculate this nonzero value of the average current. 

A de ammeter is constructed so that the needle deflection indicates the average 
value of the current passing through it. By definition, the average value of a 
periodic function is given by the area of one cycle of the curve divided by the 
base. Expressed mathematically, 


la =a [pide (4-11) 


~ On 
For the half-wave circuit under consideration, it follows from Eqs. (4-9) that 


lpr. . In 
Tac = 5 iF Tm sin a da = (4-12) 


Note that the upper limit of the integral has been changed from 27 to m since 
the instantaneous current in the interval from 7 to 27 is zero and so con- 
tributes nothing to the integral. 


The Diode Voltage The de output voltage is clearly given as 


Vac = Ig, = folks (4-13) 


However, the reading of a de voltmeter placed across the diode is not given 
by Ia; because the diode cannot be modeled as a constant resistance, but 
rather it has two values: R; in the on state and © in the orF state. 

A dec voltmeter reads the average value of the voltage across its terminals. 
Hence, to obtain V4, across the diode, the instantaneous voltage must be 
plotted as in Fig. 4-17 and the average value obtained by integration. Thus 


Vie = (| In sin ada + [™ Vm sin a da) 


= = Unky — Vn) = = UmRy — In(Ry + Ru) 


where use has been made of Eq. (4-10). Hence 


= (4-14) 


us 


Fig. 4-17 The voltage across the diode in 
Fig. 4-16. 
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This result is negative, which means that if the voltmeter is to read upscale, 
its positive terminal must be connected to the cathode of the diode. From 
Eq. (4-13) the de diode voltage is seen to be equal to the negative of the de 
voltage across the load resistor. This result is evidently correct because the 
sum of the de voltages around the complete circuit must add up to zero. 


The AC Current (Voltage) <A root-mean-square ammeter (voltmeter) is 
constructed so that the needle deflection indicates the effective, or rms, current 
(voltage). Such a “square-law’’ instrument may be of the thermocouple type. 
By definition, the effective or rms value squared of a periodic function of time 
is given by the area of one cycle of the curve, which represents the square of 
the function, divided by the base. Expressed mathematically, 


_(1 [* 2 ; . 
Teme = (5: I i da) (4-15) 
By use of Eqs. (4-9), it follows that 
—~(1 [tren + Im 
Tims = (5 I Im? sin? a da) => (4-16) 
Applying Eq. (4-15) to the sinusoidal input voltage, we obtain 
Vim = (4-17) 


V2 
Most ac meters are of the rectifier type discussed in Sec. 4-9, instead of being 
true rms reading instruments. 


Regulation The variation of de output voltage as a function of de load™ 


current is called regulation. The percentage regulation is defined as 


Vno load ~~ Vioad 
Vioad 


where no load refers to zero current and load indicates the normal load current. 
For an ideal power supply the output voltage is independent of the load (the 
output current) and the percentage regulation is zero. 

The variation of Va.-with Ja. for the half-wave rectifier is obtained as 
follows: From Eqs. (4-12) and (4-10), 


% regulation = X 100% (4-18) 


— Im Vii ; 
Tac — _ _ R; +R, (4 19) 
Solving Eq. (4-19) for Vae = TacHz, we obtain 
Vac = 2 — Tak (4-20) 


This result is consistent with the circuit model given in Fig. 4-18 for the 
de voltage and current. Note that the rectifier circuit functions as if it were 
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Fig. 4-18 The Thévenin’s model which 
gives the dc voltage and current for a 
Power supply. For the half-wave circuit 
of Fig. 4-16, V = V,,/m and R, = Ry. 

For the full-wave circuit of Fig. 4-19, 

V = 2V,,/7 and R, = R;. For the full- 
wave rectifier with a capacitor filter (Sec. 


4-10), V, = Vn, and R, = 1/4fC. 


a constant (open-circuit) voltage source V = V,/m in series with an effective 
internal resistance (the output resistance) R, = R;. This model shows that 
Vac equals V,,/r at no load and that the de voltage decreases linearly with an 
increase in de output current. In practice, the resistance R, of the transformer 
secondary is in series with the diode, and in Eq. (4-20) R, should be added to 
Ry. The best method of estimating the diode resistance is to obtain a regula- 
tion plot of Vae versus Ig, in the laboratory. The negative slope of the result- 
ing straight line gives R, + R,. 


Thévenin’s Theorem This theorem states that any two-terminal linear 
network may be replaced by a generator equal to the open-circuit voltage between 
the terminals in series with the output impedance seen at this port. Clearly, 
Fig. 4-18 represents a Thévenin’s model, and hence a rectifier behaves as a 
linear circuit with respect to average current and voltage. 


A Full-wave Rectifier The circuit of a full-wave rectifier is shown in 
Fig. 4-19a. This circuit is seen to comprise two half-wave circuits so con- 
nected that conduction takes place through one diode during one half of the 
power cycle and through the other diode during the second half of the cycle. 

The current to the load, which is the sum of these two currents, has the 
form shown in Fig. 4-19b. The de and rms values of the load current and 
voltage in such a system are readily found to be 
In — 2 nRy 


. = Vee een 


where Im is given by Eq. (4-10) and Vm is the peak transformer secondary volt- 
age from one end to the center tap. Note by comparing Eq. (4-21) with 
Eq. (4-13) that the de output voltage for the full-wave connection is twice 
that for the half-wave circuit. 


From Eqs. (4-10) and (4-21) we find that the de output voltage varies 
with current in the following manner: 


Vac = oie _ IyR; (4-22) 
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Fig. 4-19 (a) A full-wave rectifier circuit. (b) The individual diode currents and 
the load current 7. The output voltage is v, = iRz. 


This expression leads to Thévenin’s dc model of Fig. 4-18, except that the 
internal (open-circuit) supply is V = 2V,./m instead of V,,/7. 


Peak Inverse Voltage For each rectifier circuit there is a maximum 
voltage to which the diode can be subjected. This potential is called the peak 
inverse voltage because it occurs during that part of the cycle when the diode 
is nonconducting. From ig. 4-16 it is clear that, for the half-wave rectifier, 
the peak inverse voltage is V,,. We now show that, for a full-wave circuit, 
twice this value is obtained. At the instant of time when the transformer 
secondary voltage to midpoint is at its peak value Vn, diode D1 is conducting 
and D2 is nonconducting. If we apply KVL around the outside loop and 
neglect the small voltage drop across D1, we obtain 2V,, for the peak inverse 
voltage across D2, Note that this result is obtained without reference to 
the nature of the load, which can be a pure resistance R, or a combination 
of Ry and some reactive elements which may be introduced to ‘‘filter’’ the 
ripple. We conclude that, in a full-wave circuit, independently of the filter used, 
the peak inverse voltage across each diode is twice the maximum transformer 
voltage measured from midpoint to either end. 


4-9 OTHER FULL-WAVE CIRCUITS 


A variety of other rectifier circuits find extensive use. Among these are the 
bridge circuit, several voltage-doubling circuits, and a number of voltage- 


. 
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Fig. 4-20 Full-wave bridge circuit. 


multiplying circuits. The bridge circuit finds application not only for power 
circuits, but also as a rectifying system in rectifier ac meters for use over a 
fairly wide range of frequencies. 


The Bridge Rectifier The essentials of the bridge circuit are shown in 
Fig. 4-20. To understand the action of this circuit, it is necessary only to 
note that two diodes conduct simultaneously. lor example, during the por- 
tion of the cycle when the transformer polarity is that indicated in I*ig. 4-20, 
diodes 1 and 3 are conducting, and current passes from the positive to the 
negative end of the load. The conduction path is shown in the figure. During 
the next half cycle, the transformer voltage reverses its polarity, and diodes 
2 and 4 send current through the load in the same direction as during the 
previous half cycle. 

The principal features of the bridge circuit are the following: The cur- 
rents drawn in both the primary and the secondary of the supply transformer 
are sinusoidal, and therefore a smaller transformer may be used than for the 
full-wave circuit of the same output; a transformer without a center tap is 
used; and each diode has only transformer voltage across it on the inverse 
cycle. The bridge circuit is thus suitable for high-voltage applications. 


The Rectifier Meter This instrument, illustrated in Fig. 4-21, is essen- 
tially a bridge-rectifier system, except that no transformer is required. Instead, 
the voltage to be measured is applied through a multiplier resistor Rk to two 
corners of the bridge, a de milliammeter being used as an indicating instrument 
across the other two corners. Since the de milliammeter reads average values 
of current, the meter scale is calibrated to give rms values when a sinusoidal 
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Fig. 4-21 The rectifier voltmeter. 


voltage is applied to the input terminals. As a result, this instrument will not 
read correctly when used with waveforms which contain appreciable harmonics. 


Voltage Multipliers A common voltage-doubling circuit which delivers 
a de voltage approximately equal to twice the transformer maximum voltage 
at no load is shown in Fig. 4-22. This circuit is operated by alternately 
charging each of the two capacitors to the transformer peak voltage Vn, 
current being continually drained from the capacitors through the load. The 
capacitors also act to smooth out the ripple in the output. 

This circuit is characterized by poor regulation unless very large capacitors 
are used. The inverse voltage across the diodes during the nonconducting 
cycle is twice the transformer peak voltage. The action of this circuit will 
be better understood after the capacitor filter is studied, in the following 
section. 


4-10 CAPACITOR FILTERS 


Filtering is frequently effected by shunting the load with a capacitor. The 
action of this system depends upon the fact that the capacitor stores energy 
during the conduction period and delivers this energy to the load during the 
inverse, or nonconducting, period. In this way, the time during which the. 
current passes through the load is prolonged, and the ripple is considerably 
decreased. The ripple voltage is defined as the deviation of the load voltage 
from its average or de value. 


A 
+ 
+C 
Fig. 4-22 The bridge voltage-dou- Y 
bling circuit. This is the single-phase R 
Uo 
full-wave bridge circuit of Fig. 4-19 : 
with two capacitors replacing two Sine } A 
diodes. -C 
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Po 


| tc + Fig. 4-23 A half-wave 
Us capacitor-filtered rectifier. 


Consider the half-wave capacitive rectifier of Fig. 4-23. Suppose, first, 
that the load resistance Ry = ©. The capacitor will charge to the potential 
Vm, the transformer maximum value. Turther, the capacitor will maintain 
this potential, for no path exists by which this charge is permitted to leak 
off, since the diode will not pass a negative current. The diode resistance is 
infinite in the inverse direction, and no charge can flow during this portion of 
the cycle. Consequently, the filtering action is perfect, and the capacitor 
voltage v. remains constant at its peak value, as is seen in lig. 4-24. 

The voltage v, across the capacitor is, of course, the same as the voltage 
across the load resistor, since the two elements are in parallel. The diode 
voltage v is given by 


Vv = 0; — Uo (4-23) 


We see from lig. 4-24 that the diode voltage is always negative and that 
the peak inverse voltage is twice the transformer maximum. Hence the 
presence of the capacitor causes the peak inverse voltage to increase from a 
value equal to the transformer maximum when no capacitor filter is used to 
a value equal to twice the transformer maximum value when the filter is used. 

Suppose, now, that the load resistor Ry, is finite. Without the capacitor 
input filter, the load current and the load voltage during the conduction period 
will be sinusoidal functions of time. The inclusion of a capacitor in the 
circuit results in the capacitor charging in step with the applied voltage. Also, 
the capacitor must discharge through the load resistor, since the diode will pre- 
vent a current in the negative direction. Clearly, the diode acts as a switch 
which permits charge to flow into the capacitor when the transformer voltage 
exceeds the capacitor voltage, and then acts to disconnect the power source 
when the transformer voltage falls below that of the capacitor. 


Fig. 4-24 Voltages in a half-wave 
capacitor-filtered rectifier at no 


Zero axis 


load. The output voltage v, is a 
constant, indicating perfect filtering. 
The diode voltage v is negative for 
all values of time, and the peak in- 
verse voltage is 2V ,. 
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The analysis now proceeds in two steps. First, the conditions during 
conduction are considered, and then the situation when the diode is non- 
conducting is investigated. 


Diode Conducting If the diode drop is neglected, the transformer volt- 
age 1s impressed directly across the load. Hence the output voltage is 
Yo = Vm sinwt. The question immediately arises: Over what interval of 
time is this equation applicable? In other words, over what portion of each 
cycle does the diode remain conducting? The point at which the diode starts 
to conduct is called the cutin point, and that at which it stops conducting is 
called the cutout point. The cutout time ¢; and the cutin time ¢2 are indicated 
in Fig. 4-25, where we observe that the output waveform consists of portions 
of sinusoids (when the diode is on) joined to exponential segments (when the 
diode is OFF). 

We now calculate the cutout angle by finding the expression for the 
diode current 7 and then noting when 7 = 0. When the diode conducts, 
vo = Vm sin wt and 7 is the sum of the load resistor current 7, and the capacitor 
current ic. Hence 


dy _ Vn 
dt Ry, 


This current is of the form 7 = I, sin (wt + w), where 


Im = Vin loa + wl? Y = arctan wR, (4-25) 
L 


The cutout time ¢, is found by setting 7 = 0 at £ = t,, which leads to 
wy =r —yp (4-26) 


i= e +C sin wt + wlVm Cos wt (4-24) 
L 


for the cutout angle wt, in the first cycle. The diode current is indicated in 
Fig. 4-25. 

Equation (4-25) shows that the use of a large capacitance to improve the 
filtering at a given load Rz, is accompanied by a high-peak diode current J,. 
For a specified average load current, 7 becomes more peaked and the conduc- 


Cc int 
Fig. 4-25 Theoretical sketch of utout poin 


diode current 7 and output voltage Cutin point 


v, ina half-wave capacitor-filtered 
rectifier. 
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tion period decreases as C is made larger. It is to be emphasized that the 
use of a capacitor filter may impose serious restrictions on the diode, since 
the average current may be well within the current rating of the diode, and 
yet the peak current may be excessive. 


Diode Nonconducting In the interval between the cutout time ¢; and 
the cutin time ¢2, the diode is effectively out of the circuit, and the capacitor 
discharges through the load resistor with a time constant CR,. Thus the 
capacitor voltage (equal to the load voltage) is 


yy, = Ae tleR (4-27) 


To determine the value of the constant A, note from Fig. 4-25 that at the 
cutout time ¢ = t1, v» = 0; = Vm sin wt. Equation (4-27) thus attains the 
form 

Vo = (Vm SIN wl ew Ort /CRt (4-28) 


Since ¢; is known from Eq. (4-26), v. can be plotted as a function of time. 
This exponential curve is indicated in Fig. 4-25, and where it intersects the 
curve V,, sin wt (in the following cycle) is the cutin point f2. The validity 
of this statement follows from the fact that at an instant of time greater than fo, 
the transformer voltage v; (the sine curve) is greater than the capacitor voltage 
v, (the exponential curve). Since the diode voltage is v = v; — v., then v will 
be positive beyond t, and the diode will become conducting. Thus ¢, is the 
cutin point. No analytic expression can be given for f2; it must be found 
graphically by the method outlined above. 


Full-wave Circuit Consider a full-wave rectifier with a capacitor filter 
obtained by placing a capacitor C across R,; in Fig. 4-19. The analysis of this 
circuit requires a simple extension of that just made for the half-wave circuit. 
If in Fig. 4-25 a dashed half-sinusoid is added between 7 and 27, the result is 
the dashed full-wave voltage in Tig. 4-26. The cutin point now lies between 
nx and 22, where the exponential portion of v, intersects this sinusoid. The 
cutout point is the same as that found for the half-wave rectifier. 


Fig. 4-26 The approximate load-voltage waveform »v, in a full- 


wave capacitor-filtered rectifier. 
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Approximate Analysis It is possible to obtain the de output voltage for 
given values of the parameters w, Rx, C, and V,, from the graphical construc- 
tion indicated in Fig. 4-25. Such an analysis is involved and tedious. Hence 
we now present an approximate solution which is simple and yet sufficiently 
accurate for most engineering applications. 

We assume that the output-voltage waveform of a full-wave circuit with a 
capacitor filter may be represented by the approximately piecewise linear 
curve shown in Fig. 4-26. For large values of C (so that wCR, > 1) we note 
from Eqs. (4-25) and (4-26) that wt—-7/2 and »,> Vn at t = ty. Also, 
with C’ very large, the exponential decay in Eq. (4-28) can be replaced by a 
linear fall. If the total capacitor discharge voltage (the ripple voltage) is 
denoted by V,, then from Fig. 4-26, the average value of the voltage is 
approximately 


Vac = Vin _ y (4-29) 


It is necessary, however, to express V, as a function of the load current 
and the capacitance. If 7. represents the total nonconducting time, the 
capacitor, when discharging at the constant rate Jac, will lose an amount of 
charge Ja-7'2.. Hence the change in capacitor voltage is Ia-T2/C, or 


TacT's 
Cc 


The better the filtering action, the smaller will be the conduction time 7; and 
the closer T, will approach the time of half a cycle. Hence we assume that 
T, = T/2 = 1/2f, where f is the fundamental power-line frequency. Then 


Tac 


V,= (4-30) 


V, = aC (4-31) 
and from Eq. (4-29), 
= Tac 
Vac = Vn — aC (4-32) 


This result is consistent with Thévenin’s model of Fig. 4-18, with the open- 
circuit voltage V = V,, and the effective output resistance Ro = 1/4fC. 

The ripple is seen to vary directly with the load current / 4, and also 
inversely with the capacitance. Hence, to keep the ripple low and to ensure 
good regulation, very large capacitances (of the order of tens of microfarads) 
must be used. The most common type of capacitor for this rectifier applica- 
tion is the electrolytic capacitor. These capacitors are polarized, and care 
must be taken to insert them into the circuit with the terminal marked + to 
the positive side of the output. 

The desirable features of rectifiers employing capacitor input filters are 
the small ripple and the high voltage at light load. The no-load voltage is 
equal, theoretically, to the maximum transformer voltage. The disadvantages 
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of this system are the relatively poor regulation, the high ripple at large loads, 
and the peaked currents that the diodes must pass. 

An approximate analysis similar to that given above applied to the half- 
wave circuit shows that the ripple, and also the drop from no load to a given 
load, are double the values calculated for the full-wave rectifier. 


4-1] ADDITIONAL’ DIODE CIRCUITS 


Many applications depend upon the semiconductor diode besides those already 
considered in this‘chapter. We mention four others below. 


Peak Detector The half-wave capacitor-filtered rectifier circuit of Fig. 
4-23 may be used to measure the peak value of an input waveform. Thus, 
for Ry = ©, the capacitor charges to the maximum value Vmax of v;, the 
diode becomes nonconducting, and v, remains at Vinax (assuming an ideal 
capacitor with no leakage resistance shunting C). Refer to Fig. 4-24, where 
Vmax = Vm = the peak value of the input sinusoid. Improved peak detector 
circuits are given in Sec. 16-13. 

In an AM radio the amplitude of the high-frequency wave (called the 
carrier) is varied in accordance with the audio information to be transmitted. 
This process is called amplitude modulation, and such an AM waveform is 
illustrated in Fig. 4-27. The audio information is contained in the envelope 
(the locus, shown dashed, of the peak values) of the modulated waveform. 
The process of extracting the audio signal is called detection, or demodulation. 
If the input to Fig. 4-23 is the AM waveform shown in Fig. 4-27, the output 
v. is the heavy-weight curve, provided that the time constant R,C is chosen 
properly; that is, R-C must be small enough so that, when the envelope decreases 
in magnitude, the voltage across C can fall fast enough to keep in step with 
the envelope, -but R,C must not be so small as to introduce excessive ripple. 
The order of magnitude of the frequency of an AM radio carrier is 1,000 kHz, 
and the audio spectrum extends from about 20 Hz to 20 kHz. Hence there 
should be at least 50 cycles of the carrier waveform for each audio cycle. If 
Fig. 4-27 were drawn more realistically (with a much higher ratio of carrier to 
audio frequency), then clearly, the ripple amplitude of the demodulated signal 


Detected audio signal 


Fig. 4-27. An amplitude-modulated wave 
and the detected audio signal. (For ease 
of drawing, the carrier waveform is indi- 
cated triangular instead of sinusoidal and 
of much lower frequency than it really is, 


> relative to the audio frequency.) 
High-frequency carrier 


Envelope containing audio information 
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(a) 


Fig. 4-28 (a) A circuit which clamps to the voltage Vr. (b) The 
output voltage v, for a sinusoidal input v,. 


would be very much smaller. This low-amplitude high-frequency ripple in v, 
is easily filtered so that the smoothed detected waveform is an excellent repro- 
duction of the audio signal. The capacitor-rectifier circuit of Fig. 4-23 there- 
fore also acts as an envelope demodulator. 


A Clamping Cirevit A function which must be frequently performed with 
a periodic waveform is the establishment of the recurrent positive or negative 
extremity at some constant reference level Ve. Such a clamping circuit is 
indicated in Fig. 4-28a. Assuming an ideal diode, the drop across the device 
is zero in the forward direction. Hence the output cannot rise above Ver 
and is said to be clamped to this level. If the input is sinusoidal with a peak 
value V,, and an average value of zero, then, as indicated in Fig. 4-28), the 
output is sinusoidal, with an average value of Ve — Vm. This waveform is 
obtained subject to the following conditions: the diode parameters are Ry = 0, 
R, = ©, and V, = 0; the source impedance R, = 0; and the time constant 
RC is much larger than the period of the signal. In practice these restrictions 
are not completely satisfied and the clamping is not perfect; the output voltage 
rises slightly above Vr, and the waveshape is a somewhat distorted version of 
the input.® | 


Digital-computer Circuits Since the diode is a binary device existing in 
either the on or OFF state for a given interval of time, it is a very usual com- 
ponent in digital-computer applications. Such so-called “logic” circuits are 
discussed in Chap. 6 in conjunction with transistor binary applications. 


Avalanche-diode Regulator The basic circuit used to decrease voltage 
variations across a load due to variations in output current or supply voltage 
is given in Fig. 3-17 and discussed in Sec. 3-11. 


REFERENCES 


1. Millman, J., and H. Taub: ‘‘Pulse, Digital, and Switching Waveforms,” sec. 7-11, 
McGraw-Hill Book Company, New York, 1965. 


116 / INTEGRATED ELECTRONICS Sec. 4-11 


2. Ref. 1, chap. 17. 
3. Ref. 1, chap. 3. 


REVIEW QUESTIONS 


4-1. Explain how to obtain the dynamic characteristic from the static volt- 
ampere curve of a diode. 

4-2. You are given the V-/ output characteristic in graphical form of a new 
device. (a) Sketch the circuit using this device which will require a load-line construc- 
tion to determine 7 and vy. (6) Is the load line vertical, horizontal, at 135° or 45° for 
infinite load resistance? (c) For zero load resistance? 

4-3 (a) Draw the piecewise linear volt-ampere characteristic of a p-n diode. 
(b) What is the circuit model for the on state? (c) The orF state? 

4-4 Consider a circuit consisting of a diode D, a resistance R, and a signal source 
v; in series. Define (a) static characteristic; (b) dynamic characteristic; (c) transfer, or 
transmission, characteristic. (d) What is the correlation between (6) and (c)? 

4-5 Consider the circuit of Rev. 4-4 using a silicon diode and a 100-2 resistance. 
(a) Plot approximately the dynamic curve. (b) If the input is »; = —1+ A sin at, 
plot the current waveform for A = 1.5, 2.0, and 5.0 V. 

4-6 For the circuit of Rev. 4-4, »; = Vsin wt. If the diode is represented by its 
piecewise linear model, find the current as a function of time and plot. 

4-7 What is meant by break region of a diode? 

A-8 In analyzing a circuit containing several diodes by the piecewise linear 
method, you assume (guess) that certain of the diodes are on and others are OFF. 
Explain carefully how you determine whether or not the assumed state of each diode is 
correct. 

4-9 Consider a series circuit consisting of a diode D, a resistance R, a reference 
battery Vr, and an input signal v;, The output is taken across R and Vez in series. 
Draw the transfer characteristic if the anode of D is connected to the positive terminal 
of the battery. Use the piecewise linear diode model. 

4-10 Repeat Rev. 4-9 with the anode of D connected to the negative terminal of 
the battery. 

A-11 If v; is sinusoidal and D is ideal (with R; = 0, V, = 0, and R, = ©), find 
the output waveforms in (a) Rev. 4-9 and (b) Rev. 4-10. 

4-12 Sketch the circuit of a double-ended clipper using ideal p-n diodes which 
limit the output between +10 V. 

4-13 Repeat Rev. 4-12 using avalanche diodes. 

4-14 (a) What is a comparator circuit? (6) How does such a circuit differ from a 
clipping circuit? 

4-15 (a) Whatisa sampling gate? (6) Sketch the circuit of a four-diode sampling 
gate. 

4-16 Define in words and as an equation (a) de current J4.; (6) de voltage Vac; 
(c) ac current I,ms- 

4-17 (a) Sketch the circuit for a full-wave rectifier. (b) Derive the expression 
for (1) the de current; (2) the de load voltage; (3) the de diode voltage; (4) the rms 
current. 
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4-18 (a) Define regulation. (6) Derive the regulation equation for a full-wave 
circuit. 

4-19 Draw the Thévenin’s model for a full-wave rectifier. 

4-20 (a) Define peak inverse voliage. (b) What is the peak inverse voltage for a 
full-wave circuit using ideal diodes? (c) Repeat part b for a half-wave rectifier. 

4-21 Sketch the circuit of a bridge rectifier and explain its operation. 

4-22 Repeat Rev. 4-21 for a rectifier meter circuit. 

4-23 Repeat Rev. 4-21 for a voltage multiplier. 

4-24 (a) Draw the circuit of a half-wave capacitive rectifier. (b) At no load 
draw the steady-state voltage across the capacitor and also across the diode. 

4-25 (a) Draw the circuit of a full-wave capacitive rectifier. (6) Draw the output 
voltage under load. Indicate over what period of time the diode conducts. Make no 
calculations. (c) Indicate the diode current waveform superimposed upon the output 
waveform. 

4-26 For the circuit of Rev. 4-25, derive the expression for (a) the diode current; 
(b) the cutout angle. (c) How is the cutin angle found? 

4-27 (a) Consider a full-wave capacitor rectifier using a large capacitance C. 
Sketch the approximate output waveform. (6) Derive the expression for the peak 
ripple voltage. (c) Derive the Thévenin’s model for this rectifier. 

4-28 For a full-wave capacitor rectifier circuit, list (a) two advantages; (6) three 
disadvantages. 

4-29 Describe (a) amplitude modulation and (b) detection. 


| TRANSISTOR CHARACTERISTICS 


The physical behavior of a semiconductor triode, called a bipolar 
junction transistor (BJT), is given. The volt-ampere characteristics 
of this device are studied. It is demonstrated that the transistor is 
capable of producing amplification. Analytical expressions relating 
the transistor currents with the junction voltages are indicated. Typi- 
cal voltage values are given, for the several possible modes of operation. 


5-1 THE JUNCTION TRANSISTOR! 


A junction transistor consists of a silicon (or germanium) crystal in 
which a layer of n-type silicon is sandwiched between two layers of 
p-type silicon. Alternatively, a transistor may consist of a layer of 
p-type between two layers of n-type material. In the former case 
the transistor is referred to as a p-n-p transistor, and in the latter case, 
as an n-p-n transistor. The semiconductor sandwich is extremely 
small, and is hermetically sealed against moisture inside a metal or _ 
plastic case. Manufacturing techniques and constructional details for 
several transistor types are described in Sec. 5-4. 

. The two types of transistor are represented in Fig. 5-la. The 
representations employed when transistors are used as circuit elements 
are shown in Fig. 5-1b. The three portions of a transistor are known 
as emitter, base, and collector. The arrow on the emitter lead specifies 
the direction of current flow when the emitter-base junction is biased 
in the forward direction. In both cases, however, the emitter, base, 
and collector currents, Iz, Iz, and Ic, respectively, are assumed posi- 
tive when the currents flow into the transistor. The symbols Vaz, 
Ven, and Veg are the emitter-base, collector-base, and collector-emitter 
voltages, respectively. (More specifically, Vex represents the voltage 
drop from emitter to base.) 
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Emitter Base Collector 


(a) 
Emitter |~ Vee + | Collector 
' 
+ ———9 + 
Ves Vea 
p-n-p type (b) n-p-ntype 


Fig. 5-1 (a) A p-n-p and an n-p-n transistor. The emitter (col- 
lector) junction is Jz(Jc). (b) Circuit representation of the two 
transistor types. 


Open-circuited Transistor If no external biasing voltages are applied, 
all transistor currents must be zero. The potential barriers at the junctions 
adjust to the contact difference of potential V.—given in Eq. (2-63) (a few 
tenths of a volt)—required so that no free carriers cross each junction. If we 
assume a completely symmetrical junction (emitter and collector regions hav- 
ing identical physical dimensions and doping concentrations), the barrier height 
is identical at the emitter junction Jz and at the collector junction Jc, as 
indicated in Fig. 5-2a. The narrow space-charge regions at the junctions have 
been neglected. 

Under open-circuited conditions, the minority concentration is constant 
within each section and is equal to its thermal-equilibrium value, nj. in the 
p-type emitter and collector regions and pj, in the n-type base, as shown in 
Fig. 5-2b. Since the transistor may be looked upon as a p-n diode followed by 
an n-p diode, much of the theory developed in the preceding chapters for the 
junction diode will be used to explain the physical behavior of the transistor, 


Potential, V Minority-carrier 
, concentration 
Pn 
p-type p-type a cs Tee 
emitter collector l 
of J, (p-type) J, (n-type) J, (p-type) 
(a) (b) 


Fig. 5-2 (a) The potential and (b) the minority-carrier density in each section 
of an open-circuited symmetrical p-n-p transistor. 
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when voltages are applied so as to disturb it from the equilibrium situation 
pictured in Fig. 5-2. 


The Transistor Biased in the Active Region We may now begin to 
appreciate the essential features of a transistor as an active circuit element by 
considering the situation depicted in Fig. 5-3a. Here a p-n-p transistor is 
shown with voltage sources which serve to bias the emitter-base junction in 
the forward direction and the collector-base junction in the reverse direction. 
The potential variation through the biased transistor is indicated in Fig. 5-30. 
The dashed curve applies to the case before the application of external biasing 
voltages (Fig. 5-2a), and the solid curve to the case after the biasing voltages 
are applied. The externally applied voltages appear, essentially, across the 
junctions. Hence, as shown in Fig. 5-3), the forward biasing of the emitter 
junction lowers the emitter-base potential barrier by |Vzz|, whereas the reverse 
biasing of the collector junction increases the collector-base potential barrier 
by |Vcs|. The lowering of the emitter-base barrier permits minority-carrier 
injection; that is, holes are injected into the base, and electrons are injected 
into the emitter region. The excess holes diffuse across the n-type base, 


Minority-carrier 
concentration 


(a) p-type 
emitter 


p-type 
collector 


Collector 
junction 
barrier 
V, + | Vog! 


p-type n-type p-type 
emitter base collector 


Jy Jo 
(6) (c) 


Fig. 5-3. (a) A p-n-p transistor biased in the active region (the emitter is for- 
ward-biased and the collector is reverse-biased). (b) The potential variation 
through the transistor. The narrow depletion regions at the junctions are negligi- 
bly small. (c) The minority-carrier concentration in each section of the tran- 
sistor. It is assumed that the emitter is much more heavily doped than the base. 
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where the electric field intensity § is zero, to the collector junction. At Jc 
the field is positive and large (6 = —dV/dx > 0), and hence holes are accel- 
erated across this junction. In other words, the holes which reach Jc fall 
down the potential barrier, and are therefore collected by the collector. Since 
the applied potential across Jc is negative, then from the law of the junction, 
Eq. (3-4), pn is reduced to zero at the collector as shown in Fig. 5-3c. Simi- 
larly, the reverse collector-junction bias reduces the collector electron density 
nN, to zero at Jc. The minority-carrier-density curves pictured in Fig. 5-3c 
should be compared with the corresponding concentration plots for the for- 
ward- and reverse-biased p-n junction given in Fig. 3-14. 


5-2 TRANSISTOR CURRENT COMPONENTS 


In Fig. 5-4 we show the various current components which flow across the 
forward-biased emitter junction and the reverse-biased collector junction. 
The emitter current Jz consists of hole current Iz (holes crossing from emitter 
into base) and electron current J,z (electrons crossing from base into the 
emitter). The ratio of hole to electron currents, J,z/Inz, crossing the emitter 
junction is proportional to the ratio of the conductivity of the p material 
to that of the n material. In a commercial transistor the doping of the 
emitter is made much larger than the doping of the base. This feature ensures 
(in a p-n-p transistor) that the emitter current consists almost entirely of holes. 


dr J¢ 


Fig. 5-4 Transistor current components for a forward-biased emitter junction 
and a reversed-biased collector junction. If a current has a subscript p(n), it 
consists of holes (electrons) moving in the same (opposite) direction as the 
arrow indicating the current direction. 
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Such a situation is desirable since the current which results from electrons 
crossing the emitter junction from base to emitter does not contribute carriers 
which can reach the collector. 
. We assume low-level injection, and hence (Sec. 2-11) the minority current 
Tpz is the hole diffusion current into base and its magnitude is proportional to 
the slope at Jz of the p, curve [Eq. (2-36)]. Similarly, IJ,z is the electron 
diffusion current into the emitter, and its magnitude is proportional to the 
slope at Jz of the n, curve. Note that Jpz and J, correspond to the minority- 
carrier diffusion currents J,,(0) and J,,(0), respectively, in Fig. 3-4 for the 
currents crossing a p-n Junction. Just as the total current crossing the junc- 
tion in Fig. 3-4 is I = Ip,(0) + Inp(O), so the total emitter current in Fig. 5-4 is 


Iz = Toe + Ink (5-1) 


All currents in this equation are positive for a p-n-p transistor. 

Not all the holes crossing the emitter junction Jz reach the collector 
junction Jc, because some of them combine with the electrons in the n-type 
base. In Fig. 5-4, let Ipc1 represent the hole current at Jc as a result of holes 
crossing the base from the emitter. Hence there must be a bulk recombination 
hole current Ipz — Ipc: leaving the base, as indicated in Fig. 5-4 (actually, 
electrons enter the base region from the external circuit through the base lead 
to supply those charges which have been lost by recombination with the holes 
injected into the base across Jz). 

Consider, for the moment, an open-circuited emitter, while the collector 
junction remains reverse-biased. Then Jc¢ must equal the reverse saturation 
current Ico of the back-biased diode at Jc. This reverse current consists of 
two components, as shown in Fig. 5-4, Inco consisting of electrons moving 
from the p to the n region across Jc and a term, Ipco, resulting from holes 
crossing from n to p across Jc. 


—Ico = Inco + Inco (5-2) 


(The minus sign is chosen arbitrarily so that I¢ and Ico will have the same 
sign.) 
Since Jz = 0 under open-circuit conditions, no holes are injected across 
Jz, and hence none can reach Jc from the emitter. Clearly, Ipco results 
from the small concentration of holes generated thermally within the base. 
Now let us return to the situation depicted in Fig. 5-4, where the emitter 
is forward-biased so that 


Te = Ico — Ipc. = Ico — ale (5-8) 


where a is defined as the fraction of the total emitter current [given in Eq. 
(5-1)] which represents holes which have traveled from the emitter across the 
base to the collector. For a p-n-p transistor, Ig is positive and both Ic and 
Ico are negative, which means that the current in the collector lead is in the 
direction opposite to that indicated by the arrow of I¢ in Fig. 5-4. For an 
n-p-n transistor these currents are reversed. 
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The electron current crossing Jc is Inco and represents electrons diffusing 
from the collector into the base (and hence a positive current from the base 
into the collector), and its magnitude is proportional to the slope at Jc of the 
n, distribution in Fig. 5-3c. The total diffusion hole current crossing Jc 
from the base is 


Inc = T5c1 + Tyco (5-4) 


and its magnitude is proportional to the slope at Jc of the p, distribution in 
Fig. 5-3c. 


Large-signal Current Gain a From Eq. (5-3) it follows that a may be. 
defined as the ratio of the negative of the collector-current increment from 
cutoff (Ic = Ico) to the emitter-current change from cutoff (Iz = 0), or 


_ Ie — Ico 


Te-0 (5-5) 


a= 
Alpha is called the large-signal current gain of a common-base transistor. 
Since Jc and Iz have opposite signs (for either a p-n-p or an n-p-n transistor), 
then a, as defined, is always positive. Typical numerical values of @ lie in 
the range 0.90 to 0.995. It should be pointed out that @ is not a constant, 
but varies with emitter current Jz, collector voltage Vcz, and temperature. 


A Generalized Transistor Equation Equation (5-3) is valid only in the 
active region, that is, if the emitter is forward-biased and the collector is 
reverse-biased. For this mode of operation the collector current 1s essentially 
independent of collector voltage and depends only upon the emitter current. 
Suppose now that we seek to generalize Eq. (5-3) so that it may apply not only 
when the collector junction is substantially reverse-biased, but also for any 
voltage across Jc. To achieve this generalization we need only replace Ico by 
the current in a p-n diode (that consisting of the base and collector regions). 
This current is given by the volt-ampere relationship of Eq. (3-7), with J, 
replaced by —Ico and V by Vc, where the symbol Vc represents the drop 
across Jc from the p to the n side. The complete expression for I¢ for any 
Vc and Ig is . 


if = —aly, + TcoQ _- eVclVr) (5-6) 


Note that if Vc is negative and has a magnitude large compared with V7, 
Eq. (5-6) reduces to Eq. (5-3). The physical interpretation of Eq. (5-6) is 
that the p-n junction diode current crossing the collector junction is aug- 
mented by the fraction @ of the current Ig flowing in the emitter. This 
relationship is derived in Sec. 19-14 by evaluating quantitatively the various 
current components introduced above. 

The similarity between Eq. (5-6) and Eq. (3-34) for the photodiode should 
be noted. Both equations represent the volt-ampere characteristics of a 
reverse-biased diode (with reverse saturation current Ig = Ico) subjected to 
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external excitation. In the case of the photodiode, the external stimulus is 
radiation, which injects minority carriers into the semiconductor, resulting in 
the current J,. This component of current, which is proportional to the light 
intensity, augments the current from the simple p-n junction diode. Similarly, 
for the transistor, the collector-base diode current is increased by the term 
—alIx, which is proportional to the “external excitation,’ namely, the emitter 
current resulting from the voltage applied between emitter and base. 


5-3 THE TRANSISTOR AS AN AMPLIFIER 


A load resistor Ry, is in series with the collector supply voltage Vcc of Fig. 
5-3a. A small voltage change AV; between emitter and base causes a rela- 
tively large emitter-current change Alg. We define by the symbol a’ that 
fraction of this current change which is collected and passes through Rx, or 
Alc = a’ Alg. The change in output voltage across the load resistor 


AVyz = —Rr, Alo = —a’R, Alg 


may be many times the change in input voltage AV;. Under these circum- 
stances, the voltage amplification A = AV,/AV, will be greater than unity, 
and the transistor acts as an amplifier. If the dynamic resistance of the 
emitter junction is r., then AV; = r, Alg, and 


(5-7) 


From Eq. (3-14), 7. = 26/Iz, where Ig is the quiescent emitter current in milli- 
amperes. For example, if r, = 40 0, a’ = —1, and R, = 3,000 2, A = +75. 
This calculation is oversimplified, but in essence it is correct and gives a physi- 
cal explanation of why the transistor acts as an amplifier. The transistor pro- 
vides power gain as well as voltage or current amplification. From the fore- 
going explanation it is clear that current in the low-resistance input circuit is 
transferred to the high-resistance output circuit. The word “transistor,” 
which originated as a contraction of “transfer resistor,” is based upon the 
above physical picture of the device. 


The Parameter a’ The parameter a’ introduced above is defined as the 
ratio of the change in the collector current to the change in the emitter current 
at constant collector-to-base voltage and is called the negative of the small-signal 
short-circuit current transfer ratio, or gain. More specifically, 


, Ale 
~ Arg Ves 


(5-8) 


On the assumption that @ is independent of Jz, then from Eq. (5-3) it follows 
that a’ = —a. 
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. 5-4 TRANSISTOR CONSTRUCTION 


Four basic techniques have been developed for the manufacture of diodes, 
transistors, and other semiconductor devices. Consequently, such devices 
may be classified?? into one of the following types: grown, alloy, diffusion, or 
epitaxial. 


Grown Type The n-p-n grown-junction transistor is illustrated in Fig. 
5-5a. It is made by drawing a single crystal from a melt of silicon or ger- 
manium whose impurity concentration is changed during the crystal-drawing 
operation by adding n- or p-type atoms as required. 


Alloy Type This technique, also called the fused construction, is illus- 
trated in Fig. 5-5 for a p-n-p transistor. The center (base) section is a thin 
wafer of n-type material. Two small dots of indium are attached to opposite 
sides of the wafer, and the whole structure is raised for a short time to a high 
temperature, above the melting point of indium but below that of germanium. 
The indium dissolves the germanium beneath it and forms a saturation solu- 
tion. On cooling, the germanium in contact with the base material recrystal- 
lizes, with enough indium concentration to change it from n to p type. The 
collector is made larger than the emitter, so that the collector subtends a large 
angle as viewed from the emitter. Because of this geometrical arrangement, 
very little emitter current follows a diffusion path which carries it to the base 
rather than to the collector. 


Diffusion Type This technique consists of subjecting a semiconductor 
wafer to gaseous diffusions of both n- and p-type impurities to form both the 
emitter and the collector junctions. A planar silicon transistor of the diffusion 


Aluminum 
Silicon Emi metalization 
dioxide “™itter Base 
contact oF 


contact 


5um 


Collector 
contact 


(c) 


Fig. 5-5 Construction of transistors. (a) Grown, (b) alloy, and (c) 
diffused planar types. (The dimensions are approximate, and the 
figures are not drawn to scale.) 
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type is illustrated in Fig. 5-5c. In this process (described in greater detail in 
Chap. 7 on integrated-circuit fabrication), the base-collector junction area is 
determined by a diffusion mask. The emitter is then diffused on the base 
through a different mask. A thin layer of silicon dioxide is grown over the 
entire surface and photoetched, so that aluminum contacts can be made for 
the emitter and base leads (Fig. 5-5c). Because of the passivating action of 
this oxide layer, most surface problems are avoided and very low leakage 
currents result. There is also an improvement in the current gain at low 
currents and in the noise figure. 


Epitaxial Type The epitaxial technique (Sec. 7-2) consists of growing 
a very thin, high-purity, single-crystal layer of silicon or germanium on a 
heavily doped substrafe of the same material. This augmented crystal forms 
the collector on which the base and emitter may be diffused (Fig. 7-6). 

The foregoing techniques may be combined to form a large number of 
methods for constructing transistors. For example, there are diffused-alloy 
types, grown-diffused devices, alloy-emitter—epitaxial-base transistors, etc. The 
special features of transistors of importance at high frequencies are discussed 
in Chap. 11. The volt-ampere characteristics at low frequencies of all types 
of junction transistors are essentially the same, and the discussion to follow 
applies to them all. . 

Finally, because of its historical significance, let us mention the first type 
of transistor to be invented. This device consists of two sharply pointed 
tungsten wires pressed against a semiconductor wafer. However, the relia- 
bility and reproducibility of such point-contact transistors are very poor, and 
as a result these transistors are no longer of practical importance. 


5-5 _ THE COMMON-BASE CONFIGURATION 


In Fig. 5-3a, a p-n-p transistor is shown in a grounded-base configuration. This 
circuit is also referred to as a common-base, or CB, configuration, since the base 
is common to the input and output circuits. For a p-n-p transistor the largest 
current components are due to holes. Since holes flow from the emitter to the 
collector and down toward ground out of the base terminal, then, referring to 
the polarity conventions of Fig. 5-1, we see that Ig is positive, Ic is negative, 
and J, is negative. For a forward-biased emitter junction, Vex is positive, 
and for a reverse-biased collector junction, Veg is negative. For an n-p-n 
transistor all current and voltage polarities are the negative of those for a 
p-n-p transistor. 

From Eq. (5-6) we see that the output (collector) current Ic is completely 
determined by the input (emitter) current Jz and the output (collector-to-base) 
voltage Vex = Vc. This output relationship may be written in implicit form 
as 


Ic = $2(Ves, Ix) (5-9) 


(This equation is read ‘‘I¢ is some function ¢2 of Vcz and Ix.’’) 


. 
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Fig. 5-6 Typical common- 
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Similarly, if we continue to choose Vcg and Ig as independent variables, 
the input (emitter-to-base) voltage Veg is completely determined from these 
two variables. In implicit form the input characteristic is given by 


Ves = d1(Ven, Iz) . (5-10) 


The relation of Eq. (5-9) is given in Fig. 5-6 for a typical p-n-p germanium 
transistor and is a plot of collector current Ic versus collector-to-base voltage 
drop Vez, with emitter current Ig as a parameter. The curves of Fig. 5-6 
are known as the output, or collector, static characteristics. The relation of 
Eq. (5-10) is given in Fig. 5-7 for the same transistor, and is a plot of emitter- 
to-base voltage Vz versus emitter current Jz, with collector-to-base voltage 
Vce as a parameter. This set of curves is referred to as the input, or emitter, 
static characteristics. We digress now to discuss a phenomenon which is used 
to account for the shapes of the transistor characteristics. 
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Fig. 5-7 Common-base input 


characteristics of a typical 


p-n-p germanium junction 
transistor. 
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The Early Effect, or Base-width Modulation’ In Vig. 5-3 the narrow 
space-charge regions in the neighborhood of the junctions are neglected. 
This restriction is now to be removed. From Eq. (3-21) we note that the 
width W of the depletion region of a diode increases with the magnitude of 
the reverse voltage. Since the emitter junction is forward-biased but the 
collector junction is reverse-biased in the active region, then in Fig. 5-8 the 
barrier width at Jg is negligible compared with the space-charge with W at Jc. 

The transition region at a junction is the region of uncovered charges 
on both sides of the junction at the positions occupied by the impurity atoms. 
As the voltage applied across the junction increases, the transition region 
penetrates deeper into the collector and base. Because neutrality of charge 
must be maintained, the number of uncovered charges on each side remains 
equal. Since the doping in the base is ordinarily substantially smaller than 
that of the collector, the penetration of the transition region into the base is 
much larger than into the collector. Hence the collector depletion region is 
neglected in Tig. 5-8, and all the immobile charge is indicated in the base region. 

If the metallurgical base width is Wz, then the effective electrical base 
width is W, = Wz, — W. This modulation of the effective base width by 
the collector voltage is known as the Karly effect. The decrease in W’, with 
increasing reverse collector voltage has three consequences: First, there is less 
chance for recombination within the base region. Hence a increases with 
increasing |Vcz|. Second, the concentration gradient of minority carriers p, 
is increased within the base, as indicated in Fig. 5-8b. Note that p, becomes 
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Fig. 5-8 (a) The potential variation through a p-n-p tran- 
sistor. The space-charge width W at the collector junction 
increases, and hence the effective base width Il’; decreases 
with increasing |Vcs|. (Compare with Fig. 5-3.) (b) The 
injected minority-carrier charge density within the base. 
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zero at the distance d (between W, and Wz), where the potential with respect 
to the base falls below V,. At this distance the effective applied potential 
becomes negative, and the law of the junction, Eq. (3-4), yields p, = 0. 
Since the hole current injected across the emitter is proportional to the gradient 
of p, at Jz, then Ig increases with increasing reverse collector voltage. Third, 
for extremely large voltages, Wy may be reduced to zero, as in Fig. 5-24, 
causing voltage breakdown in the transistor. This phenomenon of punch- 
through is discussed further in See. 5-13. 


The Input Characteristics A qualitative understanding of the form of 
the input and output characteristics is not difficult if we consider the fact that 
the transistor consists of two diodes placed in series ‘‘back to back”’ (with the 
two cathodes connected together). In the active region the input diode 
(emitter-to-base) is biased in the forward direction. The input characteristics 
of Fig. 5-7 represent simply the forward characteristic of the emitter-to-base 
diode for various collector voltages. A noteworthy feature of the input char- 
acteristics is that there exists a cutin, offset, or threshold, voltage V, below 
which the emitter current is very small. In general, V, is approximately 0.1 V 
for germanium transistors (Fig. 5-7) and 0.5 V for silicon. 

The shape of the input characteristics can be understood if we consider 
the fact that an increase in magnitude of collector voltage will, by the Early 
effect, cause the emitter current to increase, with Vz held constant. Thus 
the curves shift downward as |Vca| increases, as noted in Fig. 5-7. The curve 
with the collector open represents the characteristic of the forward-biased 
emitter diode. 


The Output Characteristics Note, as in Fig. 5-6, that it is customary 
to plot along the abscissa and to the right that polarity of Vcg which reverse- 
biases the collector junction even if this polarity is negative. If Jz = 0, the 
collector current is 7¢ = Ico. For other values of J/g, the output-diode reverse 
current is augmented by the fraction of the input-diode forward current which 
reaches the collector. Note also that Ic and Ico are negative for a p-n-p 
transistor and positive for an n-p-n transistor. 


Active Region In this region the collector junction is biased in the reverse 
direction and the emitter junction in the forward direction. Consider first that 
the emitter current is zero. Then the collector current is small and equals 
the reverse saturation current Ico (microamperes for germanium and nano- 
amperes for silicon) of the collector junction considered as a diode. Suppose 
now that a forward emitter current I is caused to flow in the emitter circuit. 
Then a fraction —al, of this current will reach the collector, and Ic is therefore 
given by Eq. (5-3). In the active region, the collector current is essentially 
independent of collector voltage and depends only upon the emitter current. 
Hoeven because of the Early effect, we note in Fig. 5-6 that there actually is 
a small (perhaps 0.5 percent) increase in |Ic¢| with |Vesl. Because a is less 
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than, but almost equal to, unity, the magnitude of the collector current is 
(slightly) less than that of the emitter current. 


Saturation Region The region to the left of the ordinate, Vez = 0, and 
above the Ig = 0 characteristics, in which both emitter and collector junctions 
are forward-biased, is called the saturation region. We say that “bottoming” 
has taken place because the voltage has fallen near the bottom of the charac- 
teristic where Veg ~ 0. Actually, Veg is slightly positive (for a p-n-p tran- 
sistor) in this region, and this forward biasing of the collector accounts for the 
large change in collector current with small changes in collector voltage. For 
a forward bias, Zc increases exponentially with voltage according to the diode 
relationship [Eq. (3-9)]. A forward bias means that the collector p material 
is made positive with respect to the base n side, and hence that hole current 
flows from the p side across the collector junction to the n material. This 
hole flow corresponds to a positive change in collector current. Hence the 
collector current increases rapidly, and as indicated in Fig. 5-6, Ic may even 
become positive if the forward bias is sufficiently large. 


Cutoff Region The characteristic for Zz = 0 passes through the. origin, 
but is otherwise similar to the other characteristics. This characteristic is 
not coincident with the voltage axis, though the separation is difficult to show 
because co is only a few nanoamperes or microamperes. The region below 
the Iz = 0 characteristic, for which the emitter and collector junctions are both 
reverse-biased, is referred to as the cutoff region. The temperature character- 
istics of Ico are discussed in Sec. 5-7. 


5-6 THE COMMON-EMITTER CONFIGURATION 


Most transistor circuits have the emitter, rather than the base, as the terminal 
common to both input and output. Such a common-emitter (CE), or grounded- 
emitter, configuration is indicated in Fig. 5-9. In the common-emitter (as in 
the common-base) configuration, the input current and the output voltage 
are taken as the independent variables, whereas the input voltage and output 


Fig. 5-9 A transistor common-emitter con- 
figuration. The symbol Vcc is a positive 
number representing the magnitude of the 
supply voltage. 
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current are the dependent variables. We may write 
Ver = fi(Vcr, Iz) (5-11) 
Ico = f2(Vce, Iz) (5-12) 


Equation (5-11) describes the family of input characteristic curves, and 
Eq. (5-12) describes the family of output characteristic curves. Typical out- 
put and input characteristic curves for a p-n-p Junction germanium transistor 
are given in Figs. 5-10 and 5-11, respectively. In Fig. 5-10 the abscissa is the 
collector-to-emitter voltage Vcz, the ordinate is the collector current J¢, and 
the curves are given for various values of base current Jz. For a fixed value 
of Ig, the collector current is not a very sensitive value of Vcz. However, 
the slopes of the curves of Fig. 5-10 are larger than in the common-base charac- 
teristics of Fig. 5-6. Observe also that the base current is much smaller than’ 
the emitter current. 

The locus of all points at which the collector dissipation is 150 mW is indi- 
cated in Fig. 5-10 by a solid line Pe = 150 mW. This curve is the hyperbola 
Pc = Veale ~ VerIc = constant. To the right of this curve the rated col- 
lector dissipation is exceeded. In Fig. 5-10 we have selected Ry, = 500 2 and 
a supply Vcc = 10 V and have superimposed the corresponding load line 
on the output characteristics. The method of constructing a load line is 
identical with that explained in Sec. 4-2 in connection with a diode. 


The Input Characteristics In Fig. 5-11 the abscissa is the base current Iz, 
the ordinate is the base-to-emitter voltage Vpz, and the curves are given for 
various values of collector-to-emitter voltage Vee. We observe that, with the 
collector shorted to the emitter and the emitter forward-biased, the input char- 
acteristic is essentially that of a forward-biased diode. If Vez becomes zero, 
then Iz will be zero, since under these conditions both emitter and collector 
junctions will be short-circuited. In general, increasing |Vcz| with constant 
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Fig. 5-10 Typical common-emitter 
output characteristics of a p-n-p 
germanium junction transistor. A 


load line corresponding to Vec = 
10 V and R, = 500 2 is superim- 
posed. (Courtesy of Texas Instru- 
ments, Inc.) . 
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Fig. 5-11 Typical common-emitter input 


characteristics of the p-n-p germanium junc- 
tion transistor of Fig. 5-10. 


Base voltage V,,, V 


Base current I,, mA 


Veg causes a decrease in base width W, (Fig. 5-8) and results in a decreasing 
recombination base current. These considerations account for the shape of 
input characteristics shown in Fig. 5-11. 

The input characteristics for silicon transistors are similar in form to those 
in Fig. 5-11. The only notable difference in the case of silicon is that the curves 
break away from zero current in the range 0.5 to 0.6 V, rather than in the . 
range 0.1 to 0.2 V as for germanium. 


The Output Characteristics This family of curves may be divided into 
three regions, just as was done for the CB configuration. The first of these, 
the active region, is discussed here, and the cutoff and saturation regions are 
considered in the next two sections. 

In the active region the collector junction ts reverse-biased and the emitter 
junction is forward-biased. In Fig. 5-10 the active region is the area to the 
right of the ordinate Vcz = a few tenths of a volt and above Jz = 0. In this 
region the transistor output current responds most sensitively to an input 
signal. If the transistor is to be used as an amplifying device without appreci- 
able distortion, it must be restricted to operate in this region. 

The common-emitter characteristics in the active region are readily under- 
stood qualitatively on the basis of our earlier discussion of the common-base 
configuration. From Kirchhoff’s current law (IXCL)-applied to lig. 5-9, the 
base current is 


Ip = —Uc + Iz) (5-13) 


Combining this equation with Eq. (5-3), we find 


Io = 100_ 4 ale (5-14) 


~l-a l—a 
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If we define 8 by 


a 


B= im. (5-15) 
then Eq. (5-14) becomes 
Ic = (1 + B)Ico + Bln (5-16) 


Note that usually Jz >> Ico, and hence Ic ~ BI in the active region. 

If a were truly constant, then, according to Eq. (5-14), Ic would be inde- 
pendent of Vcz and the curves of Tig. 5-10 would be horizontal. Assume that, 
because of the Early effect, a increases by only one-half of 1 percent, from 
0.98 to 0.985, as |Vcz| increases from a few volts to 10 V. Then the value 
of 6 increases from 0.98/(1 — 0.98) = 49 to 0.985/(1 — 0.985) = 66, or about 
34 percent. This numerical example illustrates that a very small change 
(0.5 percent) in @ is reflected in a very large change (34 percent) in the value 
of 6. It should also be clear that a slight change in a@ has a large effect on 8, 
and hence upon the common-emitter curves. Therefore the common-emitter 
characteristics are normally subject to a wide variation even among transis- 
tors of a given type. This variability is caused by the fact that J, is the 
difference between large and nearly equal currents, 7z and Ic. 


EXAMPLE (a) Find the transistor currents in the circuit of Fig. 5-12a. A silicon 
transistor with @ = 100 and Ico = 20 nA = 2 X 107° mA is under consideration. 
(b) Repeat part a if a 2-K emitter resistor is added to the circuit, as in Fig. 5-120. 


Solution a. Since the base is forward-biased, the transistor is not cut off. Hence 
it must be either in its active region or in saturation. Assume that the transistor 
operates in the active region. From KVL applied to the base circuit of Fig. 


Fig. 5-12 An example illustrating how to determine whether or 


or not a transistor is operating in the active region. 
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5-12a (with Is expressed in milliamperes), we have 
—5 + 20072 + Vez = 0 
As noted above, a reasonable value for Vg is 0.7 V in the action region, and hence 


Ip = 29 _ 0.0215 mA 
200 
Since Icg K Ip, then Ic = BIg = 2.15 mA. 
We must now justify our assumption that the transistor is in the active region, 
by verifying that the collector junction is reverse-biaged. From KVL applied to 
the collector circuit we obtain 


—10+31]¢ + Ves + Vez = 0 
or 
Vea = —(83)(2.15) + 10 — 0.7 = +2.85 V 


For an n-p-n device a positive value of Vex represents a reverse-biased collector 
junction, and hence the transistor is indeed in its active region. 

Note that Ig and Ic in the active region are independent of the collector 
circuit resistance R,. Hence, if R, is increased sufficiently above 3 K, then Vee 
changes from a positive to a negative value, indicating that the transistor is no 
longer in its active region. The method of calculating Jz and I¢ when the transis- 
tor is in saturation is given in Sec. 5-9. 


b. The current in the emitter resistor of Fig. 5-120 is 
Ip +Ic = Ip + BIg = 101 Ia, 
assuming Ic¢9 <J»s. Applying KVL to the base circuit yields 


—5 + 200l2 + 0.7 + (2)(101 Iz) = 0 
or 
Ip = 0.0107 mA ~— Ie = 100 Ip = 1.07 mA 


Note that Ico = 2 X 10-5mA < I, as assumed. 
To check for active circuit operation, we calculate Veg. Thus 


Ves = —3Ic + 10 — (2)(101 Iz) — 0.65 
= —(3)(1.07) + 10 — (2)(101)(0.0107) — 0.7 = +3.93 V 


Since V¢z is positive, this (n-p-n) transistor is in its active region. 
ee 


5-7 THE CE CUTOFF REGION 
We might be inclined to think that cutoff in Fig. 5-10 occurs at the intersec- 


tion of the load line with the current Js = 0; however, we now find that 
appreciable collector current may exist under these conditions. From Eqs. 
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(5-13) and (5-14), if Jz = 0, then Jz = —Ic and 
Ic = —Ig = —-—~ = Icro (5-17) 


The actual collector current with collector junction reverse-biased and base 
open-circuited is designated by the symbol Jczo. Since, even in the neighbor- 
hood of cutoff, a may be as large as 0.9 for germanium, then Jc ~ 10/co at 
zero base current. Accordingly, in order to cut off the transistor, it 1s not 
enough to reduce Jg to zero. Instead, it is necessary to reverse-bias the 
emitter junction slightly. We shall define cutoff as the condition where the col- 
lector current is equal to the reverse saturation current [co and the emitter cur- 
rent is zero. It is found (Sec. 19-15) that a reverse-biasing voltage of the 
order of 0.1 V established across the emitter junction will ordinarily be ade- 
quate to cut off a germanium transistor. In silicon, at collector currents of 
the order of Ico, a is very nearly zero because of recombination®® in the 
emitter-junction transition region. Hence, even with Jz = 0, we find, from 
Eq. (5-17), that Ic = Ico = —Iaxz, so that the transistor is still very close to 
cutoff. We verify in Sec. 19-15 that, in silicon, cutoff occurs at Vaz ~ 0 V 
corresponding to a base short-circuited to the emitter. Jn summary, cutoff 
means that Ig = 0, Ie = Ico, Ip = —Ic = —Ico, and Vuz is a reverse voltage 
whose magnitude is of the order of 0.1 V for germanium and 0 V for a silicon 
transistor. 


The Reverse Collector Saturation Current Jczo The collector current in 
a physical transistor (a real, nonidealized, or commercial device) when the 
emitter current is zero is designated by the symbol Icgo. Two factors cooper- 
ate to make [Icxzo| larger than |Jco|. Virst, there exists a leakage current 
which flows, not through the junction, but around it and across the surfaces. 
The leakage current is proportional to the voltage across the junction. The 
second reason why |Icgo| exceeds |Ico| is that new carriers may be generated 
by collision in the collector-junction transition region, leading to avalanche 
multiplication of current and eventual breakdown. But even before break- 
down is approached, this multiplication component of current may attain con- 
siderable proportions. 

At 25°C, Iczo for a germanium triunsistor whose power dissipation is in 
the range of some hundreds of milliwatts is of the order of microamperes. 
Under similar conditions a silicon transistor has an Tezo in the range of nano- 
amperes. The temperature sensitivity of Jeno is the same as that of the reverse 
saturation current Io of a p-n diode (Sec. 3-5). Specifically, it is found® 
that Iczo approximately doubles for every 10°C increase in temperature for 
both Ge and Si. However, because of the iower absolute value of Iczo in 
silicon, these transistors may be used up to about 200°C, whereas germanium 
transistors are limited to about 100°C. 

In addition to the variability of reverse saturation current with tempera- 
ture, there is also a wide variability of reverse current among samples of a 
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Fig. 5-13 Reverse biasing of the 
emitter junction to maintain the tran- 
sistor in cutoff in the presence of the 
reverse saturation current [czo 
through Fz. 


given transistor type. For example, the specification sheet for a Texas Instru- 
ment type 2N337 grown-diffused silicon switching transistor indicates that this 
type number includes units with values of I¢zo extending over the tremendous 
range from 0.2 nA to 0.38 wA. Accordingly, any particular transistor may 
have an Icgo which differs very considerably from the average characteristic 
for the type. 


Circuit Considerations at Cutoff Because of temperature effects, ava- 
lanche multiplication, and the wide variability encountered from sample to 
sample of a particular transistor type, even silicon may have values of Icrzo 
of the order of many tens of microamperes. Consider the circuit configuration 
of Fig. 5-138, where Vzz represents a biasing voltage intended to keep the tran- 
sistor cutoff. Assume that the transistor is just at the point of cutoff, with 


Iz = 0, so that Ip = —Iczo. If we require that at cutoff Veg ~ —0.1 V, 
then the condition of cutoff requires that 
Vag = —Vaupr + Relcso < —0.1 V (5-18) 
oe 


As an extreme example consider that Rp is, say, as large as 100 K and that 
we want to allow for the contingency that Jeno may become as large as 100 wA. 
Then Vgz must be at least 10.1 V. When J¢go is small, the magnitude of the 
voltage across the base-emitter junction will be 10.1 V. Hence we must use 
a transistor whose maximum allowable reverse base-to-emitter junction volt- 
age before breakdown exceeds 10 V. It is with this contingency in mind that 
a manufacturer supplies a rating for the reverse breakdown voltage between 
emitter and base, represented by the symbol BVggo. The subscript O indi- 
cates that BV xgo is measured under the condition that the collector current is 
zero. Breakdown voltages BVego may be as high as some tens of volts or as 
lowas0.5 V. If BVexzo = 1 V, then Vgz must be chosen to have a maximum 
value of 1 V. 


5-8 _ THE CE SATURATION REGION 


In the saturation region the collector junction (as well as the emitter junction) 
is forward-biased by at least the cutin voltage. Since the voltage Vege (or Vac) 
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across a forward-biased junction has a magnitude of only a few tenths of a 
volt, the Vez = Vez — Vac is also only a few tenths of a volt at saturation. 
Hence, in Fig. 5-10, the saturation region is very close to the zero-voltage axis, 
where all the curves merge and fall rapidly toward the origin. A load line 
has been superimposed on the characteristics of Fig. 5-10 corresponding to a 
resistance R; = 500 Q and a supply voltage of 10 V. We note that in the 
saturation region the collector current is approximately independent of base 
current, for given values of Vcc and R,. Hence we may consider that the onset 
of saturation takes place at the knee of the transistor curves in Fig. 5-10. Satu- 
ration occurs for the given load line at a base current of —0.17 mA, and at this 
point the collector voltage is too small to be read in Fig. 5-10. In saturation, 
the collector current is nominally Vcc/Rz, and since R; is small, it may well 
be necessary to keep Vcc correspondingly small in order to stay within the 
limitations imposed by the transistor on maximum current and dissipation. 

We are not able to read the collector-to-emitter saturation voltage, 
Vece.sat, With any precision from the plots of Fig. 5-10. We refer instead to 
the characteristics shown in Fig. 5-14. In these characteristics the 0- to 
—0.5-V region of Fig. 5-10 has been expanded, and we have superimposed the 
same load line as before, corresponding to Ry, = 500 2. We observe from 
Figs. 5-10 and 5-14 that Vcr and Jc no longer respond appreciably to base 
current Ig, after the base current has attained the value —0.15 mA. At this 
current the transistor enters saturation. For Ig = —0.15 mA, |Vcz| ~ 
175mV. AtZIs = —0.35 mA, |Vce| has dropped to |Vcz| ~ 100mV. Larger 
magnitudes of Ig will, of course, decrease |Vca| slightly further. 


Saturation Resistance For a transistor operating in the saturation 
region, a quantity of interest is the ratio Veg sat/Ic. This parameter is 
called the common-emitter saturation resistance, variously abbreviated Res, 
Rees, or Rez sat To specify Res properly, we must indicate the operating 


Fig. 5-14 Saturation-region com- 
mon-emitter characteristics of the 


type 2N404 germanium transistor. 


A load line corresponding to Vec 
= 10 V and R, = 500 2 is super- 
imposed. (Courtesy of Texas In- 


Collector current J. , mA 


struments, Inc.) 
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point at which it was determined. For example, from Fig. 5-14, we find that, 
at Ic = —20 mA and Ig = —0.35 mA, Res ~ —0.1/(—20 X 107%) = 5 Q. 
The usefulness of Rcs stems from the fact, as appears in Fig. 5-14, that to the 
left of the knee each of the plots, for fixed Iz, may be approximated, at least 
roughly, by a straight line. 


The Base-spreading Resistance rs Recalling that the base region is 
very thin\Fig. 5-5), we see that the current which enters the base region across 
the emitter junction must flow through a long narrow path to reach the base 
terminal. The cross-sectional area for current flow in the collector (or emitter) 
is very much larger than in the base. Hence, usually the ohmic resistance of 
the base is very much larger than that of the collector or emitter. The de 
ohmic base resistance, designated by ry, is called the base-spreading resistance 
and is of the order of magnitude of 100 Q. 


The Temperature Coefficient of the Saturation Voltages Since both 
junctions are forward-biased, a reasonable value for the temperature coefficient 
of either Var sat OF Vaeceat iS —2.5 mV/°C. In saturation the transistor con- 
sists of two forward-biased diodes back to back in series opposing. Hence 
it is to be anticipated that the temperature-induced voltage change in one 
junction will be canceled by the change in the other junction. We do indeed 
find such to be the ease for Vezsat,) Whose temperature coefficient is about 
one-tenth that of Vax sat- 


The DC Current Gain hrg A transistor parameter of interest is the ratio 
Ic/Iz, where I¢ is the collector current and J, is the base current. This 
quantity is designated by Ba, or hrg, and is known as the (negative of the) 
dc beta, the de forward current transfer ratio, or the de current gain. 


YI 


Fig. 5-15 Plots of de current gain 
hrg (at Ver = —0.25 V) versus collec- 
tor current for three samples of the 


type 2N404 germanium transistor. 
(Courtesy of General Electric Com- 
Pany.) 
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In the saturation region, the parameter hrz is a useful number and one 
which is usually supplied by the manufacturer when a switching transistor is 
involved. We know |Jc|, which is given approximately by Vcc/Rz, and a 
knowledge of hrz tells us the minimum base current (I¢/hrz) which will be 
needed to saturate the transistor. For the type 2N404, the variation of hrz 
with collector current at a low value of Veg is as given in Fig. 5-15. Note the 
wide spread (a ratio of 3:1) in the value which may be obtained for hrg even 
for a transistor of a particular type. Commercially available transistors have 
values of hrz that cover the range from 10 to 150 at collector currents as 
small as 5 mA and as large as 30 A. 


5-9 TYPICAL TRANSISTOR—JUNCTION VOLTAGE VALUES 


The characteristics plotted in Fig. 5-16 of output current Ic as a function of 
input voltage Vez for n-p-n germanium and silicon transistors are quite 
instructive and indicate the several regions of operation for a CE transistor 
circuit. The numerical values indicated are typical values obtained experi- 
mentally or from the theoretical equations of the following section. (The 
calculations are made in Sec. 19-15.) Let us examine the various portions of 
the transfer curves of Fig. 5-16. 


The Cutoff Region Cutoff is defined, as in Sec. 5-5, to mean Jz = 0 and 
I¢ = Ico, and it is found that a reverse bias Vaz,cutote = 0.1 V (0 V) will cut off a 
germanium (silicon) transistor. 

What happens if a larger reverse voltage than Varcutoe is applied? It 
turns out that if Vg is negative and much larger than V7, that the collector 
current falls slightly below Jco and that the emitter current reverses but remains 
small in magnitude (less than I¢o). 


Short-circuited Base Suppose that, instead of reverse-biasing the emitter 
junction, we connect the base to the emitter so that Ve = Vag = 0. As indi- 
cated in Fig. 5-16, Ic = Iczs does not increase greatly over its cutoff value Ico. 


Open-circuited Base If instead of a shorted base we allow the base to 
“float” so that Ig = 0, we obtain the Ic = Iczo given in Eq. (5-17). At low 
currents a ~ 0.9 (0) for Ge (Si), and hence Ie ~ 102co(Ico) for Ge (Si). 
The values of Veg calculated for this open-base condition (Ic = —Ig) are a 
few tens of millivolts of forward bias, as indicated in I'ig. 5-16. 


The Cutin Voltage The volt-ampere characteristic between base and 
emitter at constant collector-to-emitter voltage (Fig. 5-11) is not unlike the 
volt-ampere characteristic of a simple junction diode. When the emitter 
junction is reverse-biased, the base current is very small, being of the order 
of nanoamperes or microamperes, for silicon and germanium, respectively. 
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Fig. 5-16 Plots of collector current against base-to-emitter voltage for (a) 
germanium and (b) silicon n-p-n transistors. (Jc is not drawn to scale.) 
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When the emitter junction is forward-biased, again, as in the simple diode, no 
appreciable base current flows until the emitter junction has been forward- 
biased to the extent where |Vze| > |V,|, where V, is called the cutin voltage. 
Since the collector current is nominally proportional to the base current, no 
appreciable collector current will-flow until an appreciable base current flows. 
Therefore a plot of collector current against base-to-emitter voltage will 
exhibit a cutin voltage, just as does the simple diode. 

In principle, a transistor is in its active region whenever the base-to- 
emitter voltage is on the forward-biasing side of the cutoff voltage, which 
occurs at a reverse voltage of 0.1 V for germanium and 0 V for silicon. In 
effect, however, a transistor enters its active region when Vag > Vy. 

We may estimate the cutin voltage V, by assuming that Vag = V, when 
the collector current reaches, say, 1 percent of the maximum (saturation) 
current in the CE circuit of Fig. 5-9. Typical values of V, are 0.1 V for 
germanium and 0.5 V for silicon. 

Figure 5-17 shows plots, for several temperatures, of the collector current 
as a function of the base-to-emitter voltage at constant collector-to-emitter 
voltage for a typical silicon transistor. We see that a value for V, of the 
order of 0.5 V at room temperature is entirely reasonable. The temperature 
dependence results from the temperature coefficient of the emitter-junction 
diode. Therefore the lateral shift of the plots with change in temperature 
and the change with temperature of the cutin voltage V, are approximately 
—2.5 mV/°C [Eq. (3-12)]. 


-_ 


Saturation Voltages Manufacturers specify saturation values of input 
and output voltages in a number of different ways, in addition to supplying 
characteristic curves such as Figs. 5-11 and 5-14. For example, they may 
specify Res for several values of Jz or they may supply curves of Vecz,sat and 
Vezsat aS functions of Ig and Ic.? The saturation voltages depend not only 


Fig. 5-17 Plot of collector 
current against base-to- 


emitter voltage for various 
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2N337 silicon transistor. 
(Courtesy of Transitron 
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on the operating point, but also on the semiconductor material (germanium or 
silicon) and on the type of transistor construction. Typical values of satura- 
tion voltages are indicated in Table 5-1. 


TABLE 5-1] Typical n-p-n transistor-junction voltages at 25°C 


Vek sat V Beysat S Vo V BE, active Veet cutin = Vy V BE, cutott 


+ The temperature variation of these voltages is discussed in Secs. 5-8 and 3-9. 


Summary The voltages referred to above and indicated in Fig. 5-16 are 
summarized in Table 5-1. The entries in the table are appropriate for an 
n-p-n transistor. For a p-n-p transistor the signs of all entries should be 
reversed. Observe that the total range of Vez between cutin and saturation 
is rather small, being only 0.8 V. The voltage Veg,active has been located 
somewhat arbitrarily, but nonetheless reasonably, near the midpoint of the 
active region in Fig. 5-16. 

Of course, particular cases will depart from the estimates of Table 5-1. 
But it is unlikely that the numbers will be found in error by more than 0.1 V. 


EXAMPLE (a) The circuits of Fig. 5-12a and 6 are modified by changing the 
base-circuit resistance from 200 to 50 K (as indicated in Fig. 5-18). If Arz = 100, 
determine whether or not the silicon transistor is in saturation and find Ig and Ic. 
(b) Repeat with the 2K emitter resistance added. 


(a) (b) 


Fig. 5-18 An example illustrating how to determine whether or not a tran- 
sistor is operating in the saturation region. 
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Solution Assume that the transistor is in saturation. Using the values 
Veg eat 20d Vex,eg, In Table 5-1, the circuit of Fig. 5-18@ is obtained. Applying 
KVL to the base circuit gives 


—-5+ 50/2,+0.8 = 0 
or 


4.2 
Ip = --- = 0.084 mA 
50 


Applying KVL to the collector circuit yields 


—-10+3/¢+0.2 =0 
or 


The minimum value of base current required for saturation is 


Ic 3.27 
I min — = TF 0.083 A 
(Ue)mia = = 100 " 
Since Ig = 0.084 > Jz, min = 9.033 mA, we have verified that the transistor is in 


saturation. 

b. If the 2-K emitter resistance is added, the circuit becomes that in Fig. 
5-18b. Assume that the transistor is in saturation. Applying KVL to the base 
and collector circuits, we obtain 


—5+ 50/5 +08 + 2Uc¢ +12) = 0 
—104+3le+0.2+2Uc¢+ Is) = 0 

If these simultaneous equations are solved for Ic and Ig, we obtain 
Ic = 1.95mA Ip = 0.0055 mA 


Since ([8)min = Ic/hrz = 0.0195mA > Ig = 0.0055, the transistor is not in 
saturation. Hence the device must be operating in the active region. Proceeding 
exactly as we did for the circuit of Fig. 5-12b (but with the 200 K replaced by 50 K), 
we obtain 


Ic = 1.71 mA Ip = 0.0171 mA = 17 yA Ves = 0.72 V 


5-10 COMMON-EMITTER CURRENT GAIN 


Three different definitions of current gain appear in the literature. The 
interrelationships between these are now to be found. 


Large-signal Current Gain 8 We define 8 in terms of a by Eq. (5-15). 
From Eq. (5-16), with Ico replaced by Iczo, we find 


Ic —_ Iczo 
= 5-19 
B= Fy (Teno) (5-19) 
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In Sec. 5-7 we define cutoff to mean that Ig = 0, Ice = Icro, and Ip = —Iecqo. 
Consequently, Eq. (5-19) gives the ratio of the collector-current increment to 
the base-current change from cutoff to Z;, and hence B represents the (negative 
of the) large-signal current gain of a common-emitter transistor. This parameter 
is of primary importance in connection with the biasing and stability of tran- 
sistor circuits, as discussed in Chap. 9. 


DC Current Gain hrg In Sec. 5-8 we define the de current gain by 
de = is =hre (5-20) 
B 


In that section it is noted that herp is most useful in connection with deter- 
mining whether or not a transistor is in saturation. In general, the base 
current (and hence the collector current) is large compared with Iezo. Under 
these conditions the large-signal and the de betas are approximately equal; 
then hrg = B. 


Small-signal Current Gain h;, We define 6’ as the ratio of a collector- 
current increment A/¢ for a small base-current change AJ, (at a given quiescent 
operating point, at a fixed collector-to-emitter voltage Vex), or 


=> —_ =‘hy. (5-21) 


Clearly, 8’ is (the negative of) the small-signal current gain. If 8 were inde- 
pendent of current, we see from Eq. (5-20) that 6’ = 6B ~ hrz. However, 
Fig. 5-15 indicates that B is a function of current, and differentiating Eq. 
(5-16) with respect to I¢ gives (with Ico = Icgo) 


Olp 


ie (5-22) 


1 = (Teno + In) SP + 8 


The small-signal CE gain @’ is used in the analysis of small-signal amplifier 
circuits and is designated by hy. in Chap. 8. Using Eq. (5-21), and with 
B’ = hy. and B = heg, Eq. (5-22) becomes 


her a> 
"= Teno + Tn) Ohre/ATo) (5-23) 
Since hrz versus I¢ given in Fig. 5-15 shows a maximum, hy, is larger than hrg 
for small currents (to the left of the maximum) and hy, is smaller than hrg for 
currents larger than that corresponding to the maximum. Over most of the 
wide current range in Fig. 5-14, h;. differs from Arg by less than 20 percent. 
It should be emphasized that Eq. (5-23) is valid in the active region only. 
From Fig. 5-14 we see that hy, > 0 in the saturation region because Alc — 0 
for a small increment AZ. 
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Fig. 5-19 The transistor common-collector 
configuration. 


5-11 THE COMMON-COLLECTOR CONFIGURATION 


Another transistor-circuit configuration, shown in Fig. 5-19, is known as the 
common-collector configuration. The circuit is basically the same as the cir- 
cult of Fig. 5-9, with the exception that the load resistor is in the emitter 
lead rather than in the collector circuit. If we continue to specify the oper- 
ation of the circuit in terms of the currents which flow, the operation for the 
common-collector is much the same as for the common-emitter configuration. 
When the base current is Ico, the emitter current will be zero, and no current 
will flow in the load. As the transistor is brought out of this back-biased 
condition by increasing the magnitude of the base current, the transistor will 
pass through the active region and eventually reach saturation. In this condi- 
tion all the supply voltage, except for a very small drop across the transistor, 
will appear across the load. 


5-12 ANALYTICAL EXPRESSIONS FOR 
TRANSISTOR CHARACTERISTICS 


The dependence of the currents in a transistor upon the junction voltages, or 
vice versa, may be obtained by starting with Eq. (5-6), repeated here for 
convenience: 


Te = —anlg —_ Ieo(eVelVr —_ 1) (5-24) 


We have added the subscript N to a to indicate that we are using the tran- 
sistor in the normal manner. We must recognize, however, that there is no 
essential reason which constrains us from using a transistor in an inverted 
fashion, that is, interchanging the roles of the emitter junction and the col- 
lector junction. From a practical point of view, such an arrangement might 
not be as effective as the normal mode of operation, but this matter does not 
concern us now. With this inverted mode of operation in mind, we may now 
write, in correspondence with Eq. (5-24), 


Ig = —ayIc — Igo(e"#!¥r — 1) (5-25) 
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Here «a; is the inverted common-base current gain, just as ay in Eq. (5-24) is 
the current gain in normal operation. Io is the emitter-junction reverse satu- 
ration current, and Vg is the voltage drop from p side to n side at the emitter 
junction and is positive for a forward-biased emitter. 

Equations (5-24) and (5-25) were derived in a heuristic manner. A 
physical analysis of the transistor currents by Ebers and Moll’ verifies these 
equations (Sec. 19-13). This quantitative study reveals that the parameters 
an, a1, Ico, and Igo are not independent, but are related by the condition 


arlco = anI x0 (5-26) 


Manufacturer’s data sheets often provide information about ay, Ico, and Tzo, 
so that ar may be determined. For many transistors Igo lies in the range 
0.5I co to Ico. 

Since the sum of the three currents must be zero, the base current is 
given by 


Ip = —Uz + Ic) (5-27) 


If three of the four parameters ay, ar, Ico, and Igo are known, the equa- 
tions in this section allow calculations of the three currents for given values 
of junction voltages Ve and Vg. Explicit expressions for [¢ and Ig in terms 
of Ve and Vg are found in See. 19-13. 

In the literature, ag (reversed alpha) and ar (forward alpha) are sometimes 
used in place of a; and ay, respectively. 


Reference Polarities The symbol Vc(Vz) represents the drop across the 
collector (emitter) junction and is positive if the junction is forward-biased. 
The reference directions for currents and voltages are indicated in Fig. 5-20. 
Since Veg represents the voltage drop from collector-to-base terminals, then 
Vez differs from Vc by the ohmic drop in the base-spreading resistance 755, or 


Ves = Ve — Inrw (5-28) 


The Ebers-Moll Model Equations (5-24) and (5-25) have a simple inter- 
pretation in terms of a circuit known as the Ebers-Moll model.’ This model is 
shown in lig. 5-21 for a p-n-p transistor. We see that it involves two ideal 
diodes placed back to back with reverse saturation currents —Ixro and —Ico 
and two dependent current-controlled current sources shunting the ideal 
diodes. For a p-n-p transistor, both Ico and Izo are negative, so that —I¢o 
and —Igo are positive values, giving the magnitudes of the reverse saturation 
currents of the diodes. The current sources account for the minority-carrier 
transport across the base. An application of KCL to the collector node of 
Fig. 5-21 gives 


Io = —anl gz + I = —anl sg + T(eVelVr _ 1) 
where the diode current J is given by Eq. (3-9). Since J, is the magnitude 
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Fig. 5-20 Defining the voltages and currents used in the Ebers-Moll equations. 
For either a p-n-p or an n-p-n transistor, a positive value of current means that 
positive charge flows into the junction and a positive Vz(Vc) means that the 
emitter (collector) junction is forward-biased (the p side positive with respect 
to the n side). 


of the reverse saturation, then J, = —Ico. Substituting this value of J, into 
the preceding equation for Ic yields Eq. (5-24). 

This model is valid for both forward and reverse static voltages applied 
across the transistor Junctions. It should be noted that we have omitted the 
base-spreading resistance from Fig. 5-20 and have neglected the difference 
between Icgo and Ico. . 

Observe from Fig. 5-21 that the dependent current sources can be elimi- 
nated from this figure provided ay = ar = 0. For example, by making the 
base width much larger than the diffusion length of minority carriers in the 
base, all minority carriers will recombine in the base and none will survive to 
reach the collector. For this case the current gain a will be zero. Under 
these conditions, transistor action ceases, and we simply have two diodes 
placed back to back. This discussion shows why it is impossible to construct 
a transistor by simply connecting two separate (isolated) diodes in series 
opposing. A cascade of two p-n diodes exhibits transistor properties (for 


azle an Ty 


Fig. 5-21 The Ebers- 
Moll model for a p-n-p 
transistor, 
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example, it is capable of amplification) only if carriers injected across one 
junction diffuse across the second junction. 


Voltages as Functions of Currents We may solve explicitly for the 
junction voltages in terms of the currents from Eqs. (5-24) and (5-25), with 
the result that 


Ve (5-29) 


Vrln (1 _ fet are ‘) 


Txzo 


(5-30) 


Ye = Ven(1 =e axle 
Ico 

We now derive the analytic expression for the common-emitter charac- 
teristics of Fig. 5-10. The abscissa in this figure is the collector-to-emitter 
voltage Vez = Ve — Ve for an n-p-n transistor and is Veg = Vc — Vz fora 
p-n-p transistor (remember that Vc and Vz are positive at the p side of the 
junction). Hence the common-emitter characteristics are found by subtract- 
ing Eqs. (5-29) and (5-30) and by eliminating Iz by the use of Eq. (5-27). 
The resulting equation can be simplified provided that the following inequali- 
ties are valid: Ip >> Izo and Ip >I co/ay. After some manipulations and by 


the use of Eqs. (5-15) and (5-26), we obtain (except for very small values of Jy) 


Lyle 
Ver = tVrln Bris (5-31) 
1—— 
BIg 
where 
Br =; — and By = 6 = > — (5-32) 


Note that the + sign in Eq. (5-31) is used for an n-p-n transistor, and the 
— sign for a p-n-p device. Fora p-n-p germanium-type transistor, at Ic = 0, 
Vez = —Vr In (1/ar), so that the common-emitter characteristics do not pass 
through the origin. For ar = 0.78 and Vr = 0.026 V, we have Veg = —6mV 
at room temperature. This voltage is so small that the curves of Fig. 5-10 
look as if they pass through the origin, but they are actually displaced to the 
right by a few millivolts. 

If I¢ is increased, then Veg rises only slightly until Ic¢/I approaches 8. 
For example, even for Ic/Ip = 0.98 = 90 (for B = 100), 


1/0.78 + 90/3.5 
1 — 0.9 


This voltage can barely be detected at the scale to which lig. 5-10 is drawn, 
and hence near the origin it appears as if the curves rise vertically. However, 
note that Fig. 5-14 confirms that a voltage of the order of 0.2 V is required for 
Ic to reach 0.9 of its maximum value. 

The maximum value of I¢/T, is B, and as this value of I¢/Tp is approached, 


Vez = —0.026 In = —0.15 V 
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Fig. 5-22 The common- 
emitter output characteris- 
tic for a p-n-p transistor as 
obtained analytically. 


0.1 0.15 0.2 0.3 0.4 0.5 
1 _ 
V7 In x 0.006 ~Ver,V 


Vcr— —e. Hence, as Ic/Tx increases from 0.98 to 8, |Vcx| increases from 
0.15 V to infinity. <A plot of the theoretical common-emitter characteristic is 
indicated in Fig. 5-22. We see that, at a fixed value of Vez, the ratio Ic¢/Iz is 
a constant. Hence, for equal increments in Jz, we should obtain equal incre- 
ments in Jc at a given Veg. This conclusion is fairly well satisfied by the 
curves in Fig. 5-10. However, the Iz = 0 curve seems to be inconsistent since, 
for a constant I¢/Ip, this curve should coincide with the I¢ = 0 axis. This 
discrepancy is due to the approximation made in deriving Eq. (5-31), which is 
not valid for Ip = 0. 

The theoretical curve of Fig. 5-22 is much flatter than the curves of Fig. 
5-10 because we have implicitly assumed that ay is truly constant. As already 
pointed out, a very slight increase of ay with Vcz can account for the slopes 
of the common-emitter characteristic. 


5-13 MAXIMUM VOLTAGE RATING? 


Even if the rated dissipation of a transistor is not exceeded, there is an upper 
limit to the maximum allowable collector-junction voltage since, at high 
voltages, there is the possibility of voltage breakdown in the transistor. Two 
types of breakdown are possible, avalanche breakdown, discussed in See. 3-11, 
and reach-through, discussed below. 


Avalanche Multiplication The maximum reverse-biasing voltage which 
may be applied before breakdown between the collector and base terminals 
of the transistor, under the condition that the emitter lead be open-circuited, is 
represented by the symbol BVczo. This breakdown voltage is a characteristic 
of the transistor alone. Breakdown may occur because of avalanche multi- 
plication of the current Ico that crosses the collector junction. As a result 
of this multiplication, the current becomes MJco, in which M is the factor 
by which the original current Jco is multiplied by the avalance effect. (We 
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neglect leakage current, which does not flow through the junction and is there- 
fore not subject to avalanche multiplication.) At a high enough voltage, 
namely, BVcyo, the multiplication factor Af becomes nominally infinite, and 
the region of breakdown is then attained. Here the current rises abruptly, 
and large changes in current accompany small changes in applied voltage. 

The avalanche multiplication factor depends on the voltage Veg between 
collector and base. We shall consider that 


_ 1 
~~ 1 — (Ves/BV cre)” 


M (5-33) 


Equation (5-33) is employed because it is a simple expression which gives. 
a good empirical fit to the breakdown characteristies of many transistor types. 
The parameter n is found to be in the range of about 2 to 10, and controls 
the sharpness of the onset of breakdown. 

If a current J is caused to flow across the emitter junction, then, neglect- 
ing the avalanche effect, a fraction alg, where a is the common-base current 
gain, reaches the collector junction. Taking multiplication into account, Jc 
has the magnitude MalIg. Consequently, it appears that, in the presence 
of avalanche multiplication, the transistor behaves as though its common-base 
current gain were A/a. 

An analysis® of avalanche breakdown for the CE configuration indicates 
that the collector-to-emitter breakdown voltage with open-circuited base, desig- 
nated BV cro, is 


- "fd - 
BVcro = BV cso Vin (5-34) 


For an n-p-n germanium transistor, a reasonable value for n, determined 
experimentally, isn = 6. If we now take hrg = 50, we find that 


BV ceo = 0.52BV ero 


so that if BVcro = 40 V, BV czo is about half as much, or about 20 V. Ideal- 


Fig. 5-23 Idealized common- 
emitter characteristics ex- 
tended into the breakdown 
region. 
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ized common-emitter characteristics extended into the breakdown region are 
shown in Fig. 5-23. If the base is not open-circuited, these breakdown char- 
acteristics are modified, the shapes of the curves being determined by the 
base-circuit connections. In other words, the maximum allowable collector- 
to-emitter voltage depends not only upon the transistor, but also upon the 
circuit in which it is used. 


Reach-through The second mechanism by which a transistor’s usefulness 
may be terminated as the collector voltage is increased is called punch-through, 
or reach-through, and results from the increased width of the collector-junction 
transition region with increased collector-junction voltage (the Early effect). 

The transition region at a junction is the region of uncovered charges 
on both sides of the junction at the positions occupied by the impurity atoms. 
As the voltage applied across the junction increases, the transition region 
penetrates deeper into the base (lig. 5-8a). Since the base is very thin, it is 

_possible that, at moderate voltages, the transition region will have spread 
completely across the base to reach the emitter junction, as indicated in 
Fig. 5-24, which should be compared with Fig. 5-8. The emitter barrier is 
now V’, which is smaller than the normal value V. — |Vzs| because the col- 
lector voltage has “reached through” the base region. This lowering of the 
emitter-junction voltage may result in an excessively large emitter current, 
thus placing an upper limit on the magnitude of the collector voltage. 

Punch-through differs from avalanche breakdown in that it takes place 
at a fixed voltage [given by V; in Eq. (3-21), with W = Wz] between collector 
and base, and is not dependent on circuit configuration. In a particular 
transistor, the voltage limit is determined by punch-through or breakdown, 
whichever occurs at the lower voltage. 


Fig. 5-24 The potential variation through a p-n-p 
transistor after ‘‘reach-through’’ when the effec- 
tive base width (Fig. 5-8) Wy = Ws — Whas been 
reduced to zero. The effective emitter barrier is 
Vv’ 
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5-14 THE PHOTOTRANSISTOR 


The phototransistor (also called photoduodiode) is « much more sensitive semi- 
conductor photodevice than the p-n photodiode. The phototransistor is 
usually connected in a common-emitter configuration with the base open, 
and radiation is concentrated on the region near the collector junction Je, 
as In Vig. 5-25a. The operation of this device can be understood if we recog- 
nize that the junction J¢ is slightly forward-biased (ig. 5-16, open-cireuited 
base), and the junction J¢ is reverse-biased (that is, the transistor is biased 
in the active region). Assume, first, that there is no radiant excitation. 
Under these circumstances minority carriers are generated thermally, and the 
electrons crossing from the base to the collector, as well as the holes crossing 
from the collector to the base, constitute the reverse saturation collector cur- 
rent Ico (See. 5-2). The collector current is given by Eq. (5-16), with I, = 0; 
namely, 


Tc = (8 + Ico | (5-35) 


If the light is now turned on, additional minority carriers are photogenerated, 
and these contribute to the reverse saturation current in exactly the same 
manner as do the thermally generated minority charges. If the component 
of the reverse saturation current due to the light is designated J,, the total 
collector current is 


Ice = (8 + 1)Uco + It) (5-36) 


We note that, due to transistor action, the current caused by the radiation is 
multiplied by the large factor 8 + 1. 


Source temp = 2870°K 


Radiation 


& 
Z,, collector current, mA 


Von, collector-emitter voltage, V 


(a) (b) 


Fig. 5-25 (a) A phototransistor. (b) The output characteristics of the MRD 450 
n-p-n silicon phototransistor. (Courtesy of Motorola Semiconductor Products, Inc.) 
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Typical volt-ampere characteristics are shown in Fig. 5-236 for an n-p-n 
planar phototransistor for different values of illumination intensities. Note 
the similarity between this family of curves and those in Fig. 5-10 for the CE 
transistor output characteristics with base current (instead of illumination) 
as a parameter. It is also possible to bring out the base lead and to inject a 
base current 7,. The current I¢ in Eq. (5-36) is then increased by the term 6/2. 
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REVIEW QUESTIONS 


5-1 Draw the circuit symbol for a p-n-p transistor and indicate the reference 
directions for the three currents and the reference polarities for the three voltages. 
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5-2 Repeat Rev. 5-1 for an n-p-n transistor. 

5-3 For a p-n-p transistor biased in the active region, plot (in each region E, B, 
and C’) (a) the potential variation; (b) the minority-carrier concentration. (c) Explain 
the shapes of the plots in (a) and (bd). 

5-4 (a) For a p-n-p transistor biased in the active region, indicate the various 
electron and hole current components crossing each junction and entering (or leaving) 
the base terminal. (b) Which of the currents is proportional to the gradient of p, at 
Jz and Jo, respectively? (c) Repeat part 6 with Pn replaced by n,. (d) What is the 
physical origin of the seveial current components crossing the base terminal? 

5-5 (a) From the currents indicated in Rev. 5-4 obtain an expression for the 
collector current Ic. Define each symbol in this equation. (6) Generalize the equation 
for I¢ in part a so that it is valid even if the transistor is not operating in its active 
region. 

5-6 (a) Define the current gain a in words and as an equation. (6) Repeat part 
a for the parameter a’. 

5-7 Describe the fabrication of an alloy transistor. 

5-8 For a p-n-p transistor in the active region, what is the sign (positive or 
negative) of Iz, Ic, Iz, Ves, and Ver? 

5-9 Repeat Rev. 5-8 for an n-p-n transistor. 

5-10 (a) Sketch a family of CB output characteristics for a transistor. (b) 
Indicate the active, cutoff, and saturation regions. (c) Explain the shapes of the curves 
qualitatively. 

5-11 (a) Sketch a family of CB input characteristics for a transistor. (6) Explain 
the shapes of the curves qualitatively. 

5-12. Explain base-width modulation (the Early effect) with the aid of plots of 
potential and minority concentration throughout the base region. , 

5-13 Explain qualitatively the three consequences of base-width modulation. 

5-14 Define the following regions in a transistor: (a) active; (b) saturation; 
(c) cutoff. 

5-15 (a) Draw the circuit of transistor in the CE configuration. (b) Sketch the 
output characteristics. (c) Indicate the active, saturation, and cutoff regions. 

5-16 (a) Sketch a family of CE input characteristics. (6) Explain the shape of 
these curves qualitatively. 

5-17 (a) Derive the expression for I¢ versus I z for a CE transistor configuration 
in the active region. (6) For Iy = 0, what is Ic? 

5-18 (a) What is the order of magnitude of the reverse collector saturation current 
Tezo for a silicon transistor? (6) How does Icgzo vary with temperature? 

5-19 Repeat Rev. 5-18 for a germanium transistor. 

5-20 Why does Icao differ from Ico? 

5-21 (a) Define saturation resistance for a CE transistor. (6) Give its order of 
magnitude. 

5-22 (a) Define base-spreading resistance for a transistor. (b) Give its order of 
magnitude. 

5-23 What is the order of magnitude of the temperature coefficients of V BE eat) 
V BC, eats and Vex. ant? 

5-24" (a) Define Avg. (b) Plot hye versus Ie. 

5-25 (a) Give the order of magnitude of Vaz at cutoff for a silicon transistor. 
(6) Repeat part @ for a germanium transistor. (c) Repeat parts a and 6 for the cutin 
voltage. . 
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5-26 Is |Vee,s4| greater or less than |Vee,.a4/? Explain. 

§-27 (a) What is the range in volts for Vag between cutin and saturation for a 
silicon transistor? (b) Repeat part a for a germanium transistor. 

§-28 What is the collector current relative to co in a silicon transistor (a) if the 
base is shorted to the emitter? (0) If the base floats? (c) Repeat parts a and 6 for a 
germanium transistor. 

5-29 Consider a transistor circuit with resistors R,, R., and R, in the base, 
collector, and emitter legs, respectively. The biasing voltages are Vzz and Vcc in base 
and collector circuits, respectively. (a) Outline the method for finding the quiescent 
currents, assuming that the transistor operates in the active region. (6b) How do you 
test to see if your assumption is correct? 

5-30 Repeat Rev. 5-29, assuming that the transistor is in saturation. 

5-31 For a CE transistor define (in words and symbols) (a) 8; (b) Bae = Arg; 
(c) BY = hye. 

5-32. Derive the relationship between hrg and hy. 

5-33 (a) For what condition is 8 ~ hrz? (b) For what condition is hrg = hy? 

5-34 (a) Draw the circuit of a CC transistor configuration. (6) Indicate the 
input and output terminals. 

5-35 What is meant by the inverted mode of operation of a transistor? 

5-36 (a) Write the Ebers and Moll equations. (6) Sketch the circuit model 
which satisfies these equations. 

5-37 Discuss the two possible sources of breakdown in a transistor as the collector- 
to-emitter voltage is increased. 

5-38 (a) Sketch the circuit of a phototransistor. (b) The radiation is concentrated 
near which junction? Explain why. (c) Describe the physical action of this device. 

5-39 (a) For a phototransistor in the active region, write the expression for the 
collector current. Define ali terms. (6) Sketch the fainily of output characteristics. 


INTEGRATED CIRCUITS: 
FABRICATION AND 
CHARACTERISTICS 


An integrated circuit consists of a single-crystal chip of silicon, typi- 
cally 50 by 50 mils in cross section, containing both active and passive 
elements and their interconnections. Such circuits are produced by 
the same processes used to fabricate individual transistors and diodes. 
These processes include epitaxial growth, masked impurity diffusion, 
oxide growth, and oxide etching, using photolithography for pattern 
definition. A method of batch processing is employed which offers 
excellent repeatability and is adaptable to the production of large 
numbers of integrated circuits at low cost. In this chapter we 
describe the basic processes involved in fabricating an integrated 
circuit. 


7-1 INTEGRATED-CIRCUIT TECHNOLOGY 


The fabrication of integrated circuits is based on materials, processes, 
and design principles which constitute a highly developed semicon- 
ductor (planar-diffusion) technology. The basic structure of an inte- 
grated circuit is shown in Fig. 7-16, and consists of four distinct layers 
of material. The bottom layer @ (6 mils thick) is p-type silicon 
and serves as a substrate upon which the integrated circuit is to be 
built. The second layer @) is thin (typically 25 um = 1 mil) n-type 
material which is grown as a single-crystal extension of the substrate. 
All active and passive components are built within the thin n-type layer 
using a series of diffusion steps. These components are transistors, 
diodes, capacitors, and resistors, and they are made by diffusing p-type 
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and n-type impurities. The most complicated component fabricated is the 
transistor, and all other elements are constructed with one or more of the 
processes required to make a transistor. In the fabrication of all the above 
elements it is necessary to distribute impurities in certain precisely defined 
regions within the second (n-type) layer. The selective diffusion of impuri- 
ties is accomplished by using SiOz as a barrier which protects portions of 
the wafer against impurity penetration. Thus the third layer of material @) 
is silicon dioxide, and it also provides protection of the semiconductor surface 
against contamination. In the regions where diffusion is to take place, the 
SiO. layer is etched away, leaving the rest of the wafer protected against 
diffusion. To permit selective etching, the SiO, layer must be subjected to 
a photolithographic process, described in Sec. 7-4. Finally, a fourth metallic 
(aluminum) layer @) is added to supply the necessary interconnections 
between components. 

The p-type substrate which is required as a foundation for the integrated 
circuit is obtained by growing an ingot (1 to 2 in. in diameter and about 10 
in. long) from a silicon melt with a predetermined number of impurities. The 
crystal ingot is subsequently sliced into round wafers approximately 6 mils 
thick, and one side of each wafer is lapped and polished to eliminate surface 
imperfections. 

We are now in a position to appreciate some of the significant advantages 
of the integrated-circuit technology. Let us consider a 1-in.-square wafer 
divided into 400 chips of surface area 50 mil by 50 mil. We demonstrate in this 
chapter that a reasonable area under which a component (say, a transistor) 1s 
fabricated is 50 mils?. Hence each chip (each integrated circuit) contains 
50 separate components, and there are 50 X 400 = 20,000 components/in.’ 
on each wafer. 

If we process 10 wafers in a batch, we can manufacture 4,000 integrated 
circuits simultaneously, and these contain 200,000 components. Some of the 
chips will contain faults due to imperfections in the manufacturing process, 
but the yield (the percentage of fault-free chips per wafer) is extremely large. 

The following advantages are offered by integrated-circuit technology: 
as compared with discrete components interconnected by conventional 
techniques: 


1. Low cost (due to the large quantities processed). 

Small size. 

High reliability. (All components are fabricated simultaneously, and 

there are no soldered joints.) 

4. Improved performance. (Because of the low cost, more complex cir- 
cuitry may be used to obtain better functional characteristics.) 


We 


aie 
whe 


In the next sections we examine the processes required to fabricate an 
integrated circuit. 
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_ 7-2 BASIC MONOLITHIC INTEGRATED CIRCUITS! 


We now examine in some detail the various techniques and processes required 
to obtain the circuit of Fig. 7-la in an integrated form, as shown in l'ig. 7-10. 
This configuration is called a monolithic integrated circuit because it is formed 
on a single silicon chip. The word “monolithie” is derived from the Greek 
monos, meaning ‘‘single,”’ and lithos, meaning “stone.” Thus a monolithic 
circuit is built into a single stone, or single crystal. 

In this section we describe qualitatively a complete epitaxial-diffused 
fabrication process for integrated circuits. In subsequent sections we examine 
in more detail the epitaxial, photographic, and diffusion processes involved. 
The logic circuit of Fig. 7-1a is chosen for discussion because it contains typical 
components: a resistor, diodes, and a transistor. These elements (and also 
capacitors with small values of capacitances) are the components encountered 
in integrated circuits. The monolithic circuit is formed by the steps indicated 
in Fig. 7-2 and described below. 


Step 1. Epitaxial Growth An n-type epitaxial layer, typically 25 ym 
thick, is grown onto a p-type substrate which has a resistivity of typically 
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Fig. 7-1 (a) A circuit containing a resistor, two diodes, and a tran- 
sistor. (b) Cross-sectional view of the circuit in (a) when transformed 
into a monolithic form (not drawn to scale). The four layers are @) 
substrate, (2) n-type crystal containing the integrated circuit, @) silicon 
dioxide, and G) aluminum metalization. (After Phillips.? Not drawn 
to scale.) 
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10 Q-cm, corresponding to Ny, = 1.4 X 10" atoms/em®. The epitaxial 
process described in Sec. 7-3 indicates that the resistivity of the n-type epitaxial 
layer can be chosen independently of that of the substrate. Values of 0.1 to 
0.5 2-cm are chosen for the n-type layer. After polishing and cleaning, a thin 
layer (0.5 um = 5,000 A) of oxide, SiO2, is formed over the entire wafer, as 
shown in Fig. 7-2a. The SiO, is grown by exposing the epitaxial layer to an 
oxygen atmosphere while being heated to about 1000°C. Silicon dioxide has 
the fundamental property of preventing the diffusion of impurities through it. 
Use of this property is made in the following steps. 


Step 2. Isolation Diffusion In lig. 7-2b the wafer is shown with the 
oxide removed in four different places on the surface. This removal is accom- 
plished by means of a photolithographic etching process described in Sec. 7-4. 
The remaining SiO, serves as a mask for the diffusion of acceptor impurities 
(in this case, boron). The wafer is now subjected to the so-called zsolation 
diffusion, which takes place at the temperature and for the time interval 
required for the p-type impurities to penetrate the n-type epitaxial layer and 
reach the p-type substrate. We thus leave the shaded n-type regions in Fig. 
7-2b. These sections are called isolation islands, or isolated regions, because 
they are separated by two back-to-back p-n junctions. Their purpose is to 
allow electrical isolation between different circuit components. Tor example, 
it will become apparent later in this section that a different isolation region 
must be used for the collector of each separate transistor. The p-type sub- 
trate must always be held at a negative potential with respect to the isolation 
islands in order that the p-n junctions be reverse-biased. If these diodes were 
to become forward-biased in an operating circuit, then, of course, the isolation 
would be lost. . 

It should be noted that the concentration of acceptor atoms (V4 = 5 X 
102° em~?) in the region between isolation islands will generally be much higher 
(and hence indicated as pt) then in the p-type supstrate. The reason for this 
higher density is to prevent the depletion region of the reverse-biased isolation- 
to-substrate junction from extending into pt-type material (See. 3-7) and possi- 
bly connecting two isolation islands. 

Parasitic Capacitance It is now important to consider that these isola- 
tion regions, or junctions, are connected by a significant barrier, or transition 
capacitance Cr,, to the p-type substrate, which capacitance can affect the oper- 
ation of the circuit. Since Cr, is an undesirable by-product of the isolation 
process, it is called the parasitic capacitance. 

The parasitic capacitance is the sum of two components, the capacitance 
C, from the bottom of the n-type region to the substrate (lig. 7-2b) and C2 
from the sidewalls of the isolation islands to the pt region. The bottom com- 
ponent, C,, results from an essentially step junction due to the epitaxial growth 
(Sec. 7-3), and hence varies inversely as the square root of the voltage V 
between the isolation region and the substrate (Sec. 3-7). The sidewall capaci- 
tance C2 is associated with a diffused graded junction, and it varies as V3. 
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Fig. 7-2 The steps involved in fabricating a monolithic circuit (not 


drawn to scale). (a) Epitaxial growth; (b) isolation diffusion; 
(c) base diffusion; (d) emitter diffusion; (e) aluminum metalization. 
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For this component the junction area is equal to the périmeter of the isolation 
region times the thickness y of the epitaxial n-type layer. The total capaci- 
tance is of the order of a few picofarads. 


Step 3. Base Diffusion During this process a new layer of oxide is 
formed over the wafer, and the photolithographic process is used again to create 
the pattern of openings shown in Fig. 7-2c. The p-type impurities (boron) are 
diffused through these openings. In this way are formed the transistor base 
regions as well as resistors, the anode of diodes, and junction capacitors (if 
any). Itis important to control the depth of this diffusion so that it is shallow 
and does not penetrate to the substrate. The resistivity of the base layer will 
generally be much higher than that of the isolation regions. 


Step 4. Emitter Diffusion A layer of oxide is again formed over the 
entire surface, and the masking and etching processes are used again to open 
windows in the p-type regions, as shown in Fig. 7-2d. Through these open- 
ings are diffused n-type impurities (phosphorus) for the formation of transistor 
emitters, the cathode regions for diodes, and junction capacitors. 

Additional windows (such as W, and W, in Fig. 7-2d) are often made 
into the n regions to which a lead is to be connected, using aluminum as the 
ohmic contact, or interconnecting metal. During the diffusion of phosphorus 
a heavy concentration (called n+) is formed at the points where contact with 
aluminum is to be made. Aluminum is a p-type impurity in silicon, and a 
large concentration of phosphorus prevents the formation of a p-n junction 
when the aluminum is alloyed to form an ohmic contact. 


Step 5. Aluminum Metalization All p-n junctions and resistors for the 
circuit of Fig. 7-la have been formed in the preceding steps. It is now neces- 
sary to interconnect the various components of the integrated circuit as dic- 
tated by the desired circuit. To make these connections, a fourth set of 
windows is opened into a newly formed SiO, layer, as shown in Fig. 7-2e, at 
the points where contact is to be made. The interconnections are made first, 
using vacuum deposition of a thin even coating of aluminum over the entire 
wafer. The photoresist technique is now applied to etch away all undesired 
aluminum areas, leaving the desired pattern of interconnections shown in 
Fig. 7-2e between resistors, diodes, and transistors. 

In production a large number (several hundred) of identical circuits such 
as that of Fig. 7-la are manufactured simultaneously on a single wafer. After 
the metalization process has been completed, the wafer is scribed with a 
diamond-tipped tool and separated into individual chips. Each chip is then 
mounted on a ceramic wafer and is attached to a suitable header. The pack- 
age leads are connected to the integrated circuit by stitch bonding! of a 1-mil 
aluminum or gold wire from the terminal pad on the circuit to the package 
lead (Fig. 7-27). 
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Summary In this’section the epitaxial-diffused method of fabricating 
integrated circuits is described. We have encountered the following processes: 


1. Crystal growth of a substrate 

2. Epitaxy 

3. Silicon dioxide growth 

4. Photoetching 

5. Diffusion 

6. Vacuum evaporation of aluminum 


Using these techniques, it is possible to produce the following elements 
on the same chip: transistors, diodes, resistors, capacitors, and aluminum 
interconnections. 


7-3 EPITAXIAL GROWTH} 


The epitaxial process produces a thin film of single-crystal silicon from the 
gas phase upon an existing crystal wafer of the same material. The epitaxial 
layer may be either p-type or n-type. The growth of an epitaxial film with 
impurity atoms of boron being trapped in the growing film is shown in Fig. 7-3. 

The basic chemical reaction used to describe the epitaxial growth of pure 
silicon is the hydrogen reduction of silicon tetrachloride: 


1200°C 


SiCL, + 2H, —— Si + 4HC] (7-1) 


Since it is required to produce epitaxial films of specific impurity concen- 
trations, it is necessary to introduce impurities such as phosphine for n-type 
doping or biborane for p-type doping into the silicon tetrachloride-hydrogen 
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Induction coil 


Fig. 7-4 A diagram- 
matic representation of 
a system for production 
growth of silicon epi- 
taxial films. (Courtesy 
of Motorola, Inc.') 


Graphite boat 


gas stream. An apparatus for the production of an epitaxial layer is shown in 
Fig. 7-4. In this system a long cylindrical quartz tube is encircled by a 
radio-frequency induction coil. The silicon wafers are placed on a rectangular 
graphite rod called a boat. The boat is inserted in the reaction chamber, and 
the graphite is heated inductively to about 1200°C. At the input of the 
reaction chamber a control console permits the introduction of various gases 
required for the growth of appropriate epitaxial layers. Thus it is possible 


to form an almost abrupt step p-n junction similar to the junction shown in 
Fig. 3-10. 


7-4 MASKING AND ETCHING! 


The monolithic technique described in Sec. 7-2 requires the selective removal 
of the SiO, to form openings through which impurities may be diffused. The 
photoetching method used for this removal is illustrated in Fig. 7-5. During 
the photolithographic process the wafer is coated with a uniform film of a photo- 
sensitive emulsion (such as the Kodak photoresist KPR). A large black-and- 
white layout of the desired pattern of openings is made and then reduced 
photographically. This negative, or stencil, of the required dimensions is 
placed as a mask over the photoresist, as shown in Vig. 7-5a. By exposing 
the KPR to ultraviolet light through the mask, the photoresist. becomes 
polymerized under the transparent regions of the stencil. The mask is now 
removed, and the wafer is “developed” by using a chemical (such as trichloro- 
ethylene) which dissolves the unexposed (unpolymerized) portions of the 
photoresist film and leaves the surface pattern as shown in Fig. 7-5b. The 
emulsion which was not removed in development is now fixed, or cured, so 
that it becomes resistant to the corrosive etches used next. The chip is 
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Fig. 7-5 Photoetching technique. (a) Masking and exposure to 
ultraviolet radiation. (b) The photoresist after development. 


immersed in an etching solution of hydrofluoric acid, which removes the oxide 
from the areas through which dopants are to be diffused. Those portions of 
the SiO». which are protected by the photoresist are unaffected by the acid. 
After etching and diffusion of impurities, the resist mask is removed (stripped) 
with a chemical solvent (hot H.SO,) and by means of a mechanical abrasion 
process. 


7-5 DIFFUSION OF IMPURITIES® 


The most important process in the fabrication of integrated circuits is the 
diffusion of impurities into the silicon chip. We now examine the basic theory 
connected with this process. The solution to the diffusion equation will give 
the effect of temperature and time on the diffusion distribution. 


The DiffusionLaw The equation governing the diffusion of neutral atoms is 


aN o2N 
at? ant 7-2) 
where N is the particle concentration in atoms per unit volume as a function 
of distance x from the surface and time ¢, and D is the diffusion constant in 
area per unit time. 


The Complementary Error Function If an intrinsic silicon wafer is 
exposed to a volume of gas having a uniform concentration N, atoms per unit 
volume of n-type impurities, such as phosphorus, these atoms will diffuse into 
the silicon crystal, and their distribution will be as shown in Fig. 7-6a. If 
the diffusion is allowed to proceed for extremely long times, the silicon will 
become uniformly doped with N, phosphorus atoms per unit volume. The 
basic assumptions made here are that the surface concentration of impurity 
atoms remains at N, for all diffusion times and that N(x) = 0 at ¢ = 0 for 
xr> 0. 
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If Kq. (7-2) is solved and the above boundary conditions are applied, 


N(a, t) = N. (1 — erf —~—) = Nverfe 7-3 
(0) ( ott a) erte Di 7-3) 


where erfc y means the error-function complement of y, and the error function 
of y is defined by 


2 y 
erfy = —“ f dy (7-4) 
Vx 10 


and is tabulated in Ref. 3. The function erfe y = 1 — erf y is plotted in 
Fig. 7-7. 


The Gaussian Distribution If a specific number Q of impurity atoms 
per unit area are deposited on one face of the wafer, and then if the material is 
heated, the impurity atoms will again diffuse into the silicon. When the 


boundary conditions if N(x) dx = Q for all times and N(r) = 0 at t = 0 
for x > 0 are applied to Eq. (7-2), we find 


N(a, t) = 2a esa (7-5) 

, Vn Dt 
Equation (7-5) is known as the Gaussian distribution, and is plotted in Fig. 
7-66 for two times. It is noted from the figure that as time increases, the sur- 
face concentration decreases. The area under each curve is the same, how- 
ever, since this area represents the total amount of impurity being diffused, and 


Silicon 
surface 
ty > t 1 


(a) (6) 


Fig. 7-6 The concentration N as a function of distance z into a silicon chip for 
two values ¢, and ¢2 of the diffusion time. (a) The surface concentration is held 
constant at N, per unit volume. (b) The total number of atoms on the surface is 
held constant at Q per unit area. 
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this is a constant amount Q. Note that in Eqs. (7-3) and (7-5) time ¢ and the 
diffusion constant D appear only as a product Dt. 


Solid Solubility!:® The designer of integrated circuits may wish to produce 
a specific diffusion profile (say, the complementary error function of an n-type 
impurity). In deciding which of the available impurities (such as phosphorus, 
arsenic, antimony) can be used, it is necessary to know if the number of atoms 
per unit volume required by the specific profile of Eq. (7-3) is less than the 
diffusant’s solid solubility. The solid solubility is defined as the maximum 
concentration N, of the element which can be dissolved in the solid silicon 
at a given temperature. Figure 7-8 shows solid solubilities of some impurity 
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Fig. 7-9 Diffusion coefficients as a 


function of temperature for some 


impurity elements in silicon. (After 


Fuller and Ditzenberger,® courtesy 


of Motorola, Inc.') 
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elements. It can be seen that, since for phosphorus the solid solubility is 
approximately 10?! atoms/cm! and for pure silicon we have 5 X 1022 atoms/ 
cm’, the maximum concentration of phosphorus in silicon is 2 percent. For 
most of the other impurity elements the solubility is a small fraction of 1 
percent. 


Diffusion Coefficients Temperature affects the diffusion process because 
higher temperatures give more energy, and thus higher velocities, to the 
diffusant atoms. It is clear that the diffusion coefficient is a function of 
temperature, as shown in Fig. 7-9. From this figure it can be deduced that 
the diffusion coefficient could be doubled for a few degrees increase in tem- 
perature. This critical dependence of D on temperature has forced the 
development of accurately controlled diffusion furnaces, where temperatures 
in the range of 1000 to 1300°C can be held to a tolerance of +0.5°C or better. 
Since time ¢ in Eqs. (7-3) and (7-5) appears in the product Dt, an increase 
in either diffusion constant or diffusion time has the same effect on diffusant 
density. 

Note from Fig. 7-9 that the diffusion coefficients, for the same tempera- 
ture, of the n-type impurities (antimony and arsenic) are lower than the 
coefficients for the p-type impurities (gallium and aluminum), but that phos- 
phorus (7-type) and boron (p-type) have the same diffusion coefficients. 


Typical Diffusion Apparatus Reasonable diffusion times require high 
diffusion temperatures (~1000°C). Therefore a high-temperature diffusion 
furnace, having a closely controlled temperature over the length (20 in.) of 
the hot zone of the furnace, is standard equipment in a facility for the fabrica- 
tion of integrated circuits. Impurity sources used in connection with diffu- 
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Fig. 7-10 Schematic representation of typical apparatus for POCI; diffusion. 
(Courtesy of Motorola, Inc.!) 


sion furnaces can be gases, liquids, or solids. For example, POCI;, which is 
a liquid, is often used as a source of phosphorus. Figure 7-10 shows the 
apparatus used for POCI; diffusion. In this apparatus a carrier gas (mixture 
of nitrogen and oxygen) bubbles through the liquid-diffusant source and 
carries the diffusant atoms to the silicon wafers. Using this process, we 
obtain the complementary-error-function distribution of Eq. (7-3). A two- 
step procedure is used to obtain the Gaussian distribution. The first step 
involves predeposition, carried out at about 900°C, followed by drive-in at 
about 1100°C. 


LS SS Sto sees 


EXAMPLE A uniformly doped n-type silicon epitaxial layer of 0.5 Q-cm resistivity 
is subjected to a boron diffusion with constant surface concentration of 5 xX 1018 
em™*. It is desired to form a p-n junction at a depth of 2.7 um. At what tem- 
perature should this diffusion be carried out if it is to be completed in 2 hr? 


Solution The concentration N of boron is high at the surface and falls off with 
distance into the silicon, as indicated in Fig. 7-6a. At that distance x = z; 
at which N equals the concentration n of the doped silicon wafer, the net impurity 
density is zero. For z < 2x,, the net impurity density is positive, and for z > Xj, 
it is negative. Hence x; represents the distance from the surface at which a 
junction is formed. We first find n from Eq. (2-8): 

o 1 


n=— = = 0.96 & 1018 em=73 
He —- (0.5) (1,300) (1.60 10719) 


where all distances are expressed in centimeters and the mobility un for silicon 
is taken from Table 2-1, on page 29. The junction is formed when N = n. For 
n — 0.96 X 1018 


N 
fey=~a rte = 1.98 x 10-3 
ee YN, ON. BX 1088 x 
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we find from Fig. 7-7 that y = 2.2. Hence 


_ z; _ 2.7 X 10-4 
2VDt 2WDX 2x 3,600 


2.2 


Solving for D, we obtain D = 5.2 X 107! em2/sec. This value of diffusion con- 
stant for boron is obtained from Fig. 7-9 at T = 1130°C. 


7-6 TRANSISTORS FOR MONOLITHIC CIRCUITS}? 


A planar transistor made for monolithic integrated circuits, using epitaxy and 
diffusion, is shown in Fig. 7-1la. Here the collector is electrically separated 
from the substrate by the reverse-biased isolation diodes. Since the anode 
of the isolation diode covers the back of the entire wafer, it is necessary to 
make the collector contact on the top, as shown in Fig. 7-lla. It is now 
clear that the isolation diode of the integrated transistor has two undesirable 
effects: it adds a parasitic shunt capacitance to the collector and a leakage 
current path. In addition, the necessity for a top connection for the collector 
increases the collector-current path and thus increases the collector resistance 
and Veg sat. All these undesirable effects are absent from the discrete epi- 
taxial transistor shown in Fig. 7-116. What is then the advantage of the 
monolithic transistor? A significant improvement in performance arises from 
the fact that integrated transistors are located physically close together and 
their electrical characteristics are closely matched. For example, integrated 
transistors spaced within 30 mils (0.03 in.) have Vez matching of better than 
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5 mV with less than 10 nV/°C drift and an hrg match of +10 percent. These 
matched transistors make excellent difference amplifiers (Sec. 15-3). 

The electrical characteristics of a transistor depend on the size and 
geometry of the transistor, doping levels, diffusion schedules, and the basic 
silicon material. Of all these factors the size and geometry offer the greatest 
flexibility for design. The doping levels and diffusion schedules are deter- 
mined by the standard processing schedule used for the desired transistors in 
the integrated circuit. 


Impurity Profiles for Integrated Transistors! Figure 7-12 shows a typical 
impurity profile for a monolithic integrated circuit transistor. The back- 
ground, or epitaxial-collector, concentration Nzc is shown as a dashed line in 
Fig. 7-12. The base diffusion of p-type impurities (boron) starts with a sur- 
face concentration of 5 X 10! atoms/cm’, and is diffused to a depth of 2.7 
pm, where the collector junction is formed. The emitter diffusion (phos- 
phorus) starts from a much higher surface concentration (close to the solid 
solubility) of about 10?! atoms/cm’, and is diffused to a depth of 2 um, where 
the emitter junction is formed. This junction corresponds to the intersection 
of the base and emitter distribution of impurities. We now see that the base 
thickness for this monolithic transistor is 0.7 um. The emitter-to-base Junc- 
tion is usually treated as a step-graded junction, whereas the base-to-collector 
junction is considered a linearly graded junction. 


EXAMPLE (a) Obtain the equations for the impurity profiles in Fig. 7-12. 
(b) If the phosphorus diffusion is conducted at 1100°C, how long should be 
allowed for this diffusion? 
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Solution a. The base diffusion specifications are exactly those given in the 
example on page 208, where we find (with z expressed in micrometers) that 


2.7 


or 


2vV Dt = 27 _ 1.23 um 
2.2 
Hence the boron profile, given by Eq. (7-3), is 
Na =5X 108 erfe —— 
1.23 
The emitter junction is formed at z = 2 um, and the boron concentration here is 


2 
Nag =5X 10" erle = 5 X 1018 kK 2 XK 107? 
= 1.0 X 10!” cem=3 


The phosphorus concentration Np is given by 


2~V Di 
At z = 2, Np = Nz = 1.0 X 10", so that 


17 
2 10X10" age 


2VDt 10" 


From Fig. 7-7, 2/(2 V Dt) = 2.7 and 2 V Dt = 0.75 um. Hence the phos- 
phorus profile is given by 


Np = 10? erfe 


erfe 


Ne = 10?! erfe a 
0.74 


b. From Fig. 7-9, at T = 1100°C, D = 3.8 x 107'8 cm?/sec. Solving for 
t from 2° Dt = 0.74 pum, we obtain 


/ = (0.37 X 1074)? 


38 x 10-18 = 3,600 s = 60 min 


Monolithic Transistor Layout!? The physical size of a transistor deter- 
mines the parasitic isolation capacitance as well as the junction capacitance. 
It is therefore necessary to use small-geometry transistors if the integrated 
circuit is designed to operate at high frequencies or high switching speeds. 
The geometry of a typical monolithic transistor is shown in Fig. 7-13. The 
emitter rectangle measures 1 by 1.5 mils, and is diffused into a 2.5- by 4.0-mil 
base region. Contact to the base is made through two metalized stripes on 
either side of the emitter. The rectangular metalized area forms the ohmic 


212 / INTEGRATED ELECTRONICS Sec. 7-6 


Indicates 
contacts 


Emitter diffusion 


Base diffusion 


Isolation diffusion — 


Fig. 7-13. A typical double-base stripe geometry of an integrated- 
circuit transistor. Dimensions are in mils. (For a side view of the 
transistor see Fig. 7-11.) (Courtesy of Motorola Monitor.) 


contact to the collector region. The rectangular collector contact of this 
transistor reduces the saturation resistance. The substrate in this structure 
is located about 1 mil below the surface. Since diffusion proceeds in three 
dimensions, it is clear that the lateral-diffusion distance will also be 1 mil. The 
dashed rectangle in Fig. 7-13 represents the substrate area and is 6.5 by 8 
mils. A summary of the electrical properties? of this transistor for both the 
0.5- and the 0.1-Q-em collectors is given in Table 7-1. 


Buried Layer! We noted above that the integrated transistor, because of 
the top collector contact, has a higher collector series resistance than a similar 
discrete-type transistor. One common method of reducing the collector series 
resistance is by means of a heavily doped n+ “buried” layer sandwiched 
between the p-type substrate and the n-type epitaxial collector, as shown in 
Fig. 7-14. The buried-layer structure can be obtained by diffusing the n+ 
layer into the substrate before the n-type epitaxial collector is grown or by 
selectively growing the nt-type layer, using masked epitaxial techniques. 

We are now in a position to appreciate one of the reasons why the inte- 
grated transistor is usually of the n-p-n type. Since the collector region is 
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TABLE 7-1 Characteristics for 1- by 1. .- mil double- 
base stripe monolithic transistors” 


Transistor parameter 


C retorward bias, pF Fenner eee eee 
Cr, at 0.5 V, pF 
Creat 5 V, pF 
hrez at 10 mA 
Res, Qle cece cece eee ee eee 
Verwat at 5mA, V,.............. 
Var at 10 mA, V 


+ Gold-doped. 


subjected to heating during the base and emitter diffusions, it is necessary 
that the diffusion coefficient of the collector impurities be as small as possible, 
to avoid movement of the collector junction. Since Fig. 7-9 shows that 
n-type impurities have smaller values of diffusion constant D than p-type 
impurities, the collector is usually n-type. In addition, the solid solubility 
of some n-type impurities is higher than that of any p-type impurity, thus 
allowing heavier doping of the n+-type emitter and other n+ regions. 


Lateral p-n-p Transistor? The standard integrated-circuit transistor is 
an n-p-n type, as we have already emphasized. In some applications it is 
required to have both n-p-n and p-n-p transistors on the same chip. The 
lateral p-n-p structure shown in Fig. 7-15 is the most common form of the 
integrated p-n-p transistor. This p-n-p uses the standard diffusion techniques 
as the n-p-n, but the last n diffusion (used for the n-p-n transistor) is eliminated. 
While the p base for the n-p-n transistor is made, the two adjacent p regions 
are diffused for the emitter and collector of the p-n-p transistor shown in Fig. 
7-15. Note that the current flows laterally from emitter to collector. Because 
of inaccuracies in masking, and because, also, of lateral diffusion, the base 
width between emitter and collector is large (about 1 mil compared with 1 pm 
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Fig. 7-15 A p-n-p lateral 
transistor. 
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for an n-p-n base). Hence the current gain of the p-n-p transistor is very low 
(0.5 to 5) instead of 50 to 300 for the n-p-n device. Since the base-p resistivity 
of the n-p-n transistor is relatively high, the collector and emitter resistances 
of the p-n-p device are high. 


Vertical p-n-p Transistor? This transistor uses the substrate for the p 
collector; the n epitaxial layer for the base; and the p base of the stendard 
n-p-n transistor as the emitter of this p-n-p device. We have already empha- 
sized that the substrate must be connected to the most negative potential in 
the circuit. Hence a vertical p-n-p transistor can be used only if its collector 
_is at a fixed negative voltage. Such a configuration is called an emitter follower, 
and is discussed in Sec. 8-8. , 


Supergain n-p-n Transistor? If the emitter is diffused into the base 
region so as to reduce the effective base width almost to the point of punch- 
through (Sec. 5-13), the current gain may be increased drastically (typically, 
5,000). However, the breakdown voltage is reduced to a very low value (say, 
5 V). If such a transistor in the CE configuration is operated in series with a 
standard integrated CB transistor (such a combination is called a cascode 
arrangement), the superhigh gain can be obtained at very low currents and 
with breakdown voltages in excess of 50 V. 


7-7 MONOLITHIC DIODES! 


The diodes utilized in integrated circuits are made by using transistor struc- 
tures in one of five possible connections (Prob. 7-9). The three most popular 
diode structures are shown in Fig. 7-16. They are obtained from a transistor 
structure by using the emitter-base diode, with the collector short-circuited 
to the base (a); the emitter-base diode, with the collector open (b); and the 
collector-base diode, with the emitter open-circuited (or not fabricated at all) 
(c). The choice of the diode type used depends upon the application and cir- 
cuit performance desired. Collector-base diodes have the higher collector-base 
voltage-breaking rating of the collector junction (~12 V minimum), and they 
are suitable for common-cathode diode arrays diffused within a single isolation 
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Fig. 7-16 Cross section of 
various diode structures. 
(a) Emitter-base diode 
with collector shorted to 
base; (b) emitter-base 


diode with collector open; 

(c) collector-base diode 

(no emitter diffusion). “S 
(a) (0) 


(c) 


island, as shown in Fig. 7-17a. .Common-anode arrays can also be made with 
the collector-base diffusion, as shown in Fig. 7-17b. A separate isolation is 
required for each diode, and the anodes are connected by metalization. 

The emitter-base diffusion is very popular for the fabrication of diodes 
provided that the reverse-voltage requirement of the circuit does not exceed 
the lower base-emitter breakdown voltage (~7 V). Common-anode arrays 
can easily be made with the emitter-base diffusion by using a multiple-emitter 
transistor within a single isolation area, as shown in Fig. 7-18. The collector 
may be either open or shorted to the base. The diode pair in Fig. 7-1 is con- 
structed in this manner, with the collector floating (open). 


Diode Characteristics The forward volt-ampere characteristics of the 
three diode types discussed above are shown in Fig. 7-19. It will be observed 
that the diode-connected transistor (emitter-base diode with collector shorted 
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Fig. 7-17. Diode pairs. (a) Common-cathode pair and (b) common- 
anode pair, using collector-base diodes. 
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to the base) provides the highest conduction for a given forward voltage. 
The reverse recovery time for this diode is also smaller, one-third to one-fourth 
that of the collector-base diode. 


7-8 INTEGRATED RESISTORS! 


A resistor in a monolithic integrated circuit is very often obtained by utilizing 
the bulk resistivity of one of the diffused areas. The p-type base diffusion 
is most commonly used, although the n-type emitter diffusion is also employed. 
Since these diffusion layers are very thin, it is convenient to define a quantity 
known as the sheet resistance Rs. 


Sheet Resistance If, in Fig. 7-20, the width w equals the length J, we 


have a square / by / of material with resistivity p, thickness y, and cross-sec- 
tional area A = ly. The resistance of this conductor (in ohms per square) is 


(7-6) 


Fig. 7-19 Typical diode volt-ampere char- 


acteristics for the three diode types of 


Fig. 7-16. (a) Base-emitter (collector 


shorted to base); (b) base-emitter (collec- 


tor open); (c) collector-base (emitter open). 
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(Courtesy of Fairchild Semiconductor.) 
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Fig. 7-20 Pertaining to sheet re- 
sistance, ohms per square. 


Note that Rs is independent of the size of the square. Typically, the sheet 
resistance of the base and emitter diffusions whose profiles are given in Fig. 
7-12 is 200 2/square and 2.2 Q/square, respectively. 

The construction of a base-diffused resistor is shown in Fig. 7-1 and is 
repeated in Fig. 7-2la. A top view of this resistor is shown in Fig. 7-216. 
- The resistance value may be computed from 


r-f-pR,/ (7-7) 


where | and w are the length and width of the diffused area, as shown in the 
top view. For example, a base-diffused-resistor stripe 1 mil wide and 10 
mils long contains 10 (1 by 1 mil) squares, and its value is 10 XK 200 = 2,000Q. 
Empirical! corrections for the end contacts are usually included in calculations 
of R. 


Resistance Values. Since the sheet resistance of the base and emitter 
diffusions is fixed, the only variables available for diffused-resistor design are 


Fig. 7-21 A monolithic resistor. (a) Cross- 
sectional view; (b) top view. 
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stripe length and stripe width. Stripe widths of less than 1 mil (0.001 in.) 
are not normally used because a line-width variation of 0.0001 in. due to 
mask drawing error or mask misalignment or photographic-resolution error 
can result in 10 percent resistor-tolerance error. 

The range of values obtainable with diffused resistors is limited by the 
size of the area required by the resistor. Practical range of resistance is 20 
to 30 K for a base-diffused resistor and 10 2 to 1 K for an emitter-diffused 
resistor. The tolerance which results from profile variations and surface 
geometry errors! is as high as +10 percent of the nominal value at 25°C, 
with ratio tolerance of +1 percent. For this reason the design of integrated 
circuits should, if possible, emphasize resistance ratios rather than absolute 
values. The temperature coefficient for these heavily doped resistors is posi- 
tive (for the same reason that gives a positive coefficient to the silicon sensistor, 
discussed in Sec. 2-7) and is +0.06 percent/°C from —55 to 0°C and +0.20 
percent/°C from 0 to 125°C. 


Equivalent Circuit A model of the diffused resistor is shown in Fig. 7-22, 
where the parasitic capacitances of the base-isolation (C1) and isolation-sub- 
strate (C2) junctions are included. In addition, it can be seen that a parasitic 
p-n-p transistor exists, with the substrate as collector, the isolation n-type 
region as base, and the resistor p-type material as the emitter. The collector 
is reverse-biased because the p-type substrate is at the most negative potential. 
It is also necessary that the emitter be reverse-biased to keep the parasitic 
transistor.at cutoff. This condition is maintained by placing all resistors in 
the same isolation region and connecting the n-type isolation region surround- 
ing the resistors to the most positive voltage present in the circuit. Typical 
values of hy. for this parasitic transistor range from 0.5 to 5. 


Thin-film Resistors! A technique of vapor thin-film deposition can also be 
used to fabricate resistors for integrated circuits. The metal (usually nichrome 
NiCr) film is deposited (to a thickness at less than 1 um) on the silicon dioxide 
layer, and masked etching is used to produce the desired geometry. The 
metal resistor is then covered by an insulating layer, and apertures for the 
ohmic contacts are opened through this insulating layer. Typical sheet- 
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resistance values for nichrome thin-film resistors are 40 to 400 2/square, 
resulting in resistance values from about 20 Q to 50 Ix. 


7-9 INTEGRATED CAPACITORS AND INDUCTORS!” 


Capacitors in integrated circuits may be obtained by utilizing the transition 
capacitance of a reverse-biased p-n junction or by a thin-film technique. 


Junction Capacitors A cross-sectional view of a junction capacitor is 
shown in Fig. 7-23a. The capacitor is formed by the reverse-biased junction 
J2, which separates the epitaxial n-type layer from the upper p-type diffusion 
area. An additional junction J; appears between the n-type epitaxial plane 
and the substrate, and a parasitic capacitance C1 is associated with this reverse- 
biased junction. The equivalent circuit of the junction capacitor 1s shown 
in Fig. 7-23b, where the desired capacitance C2 should be as large as possible 
relative to Cy. The value of C2. depends on the junction area and impurity 
concentration. Since this junction is essentially abrupt, C2 is given by Eq. 
(8-23). The series resistance R (10 to 50 2) represents the resistance of the 
n-type layer. 

It is clear that the substrate must be at the most negative voltage so 
as to minimize C, and isolate the capacitor from other elements by keeping 
junction J; reverse-biased. It should also be pointed out that the Junction 


capacitor C2 is polarized since the p-n junction J. must always be reverse- 
biased. 


Thin-film Capacitors A metal-oxide-semiconductor (MOS) nonpolarized 
capacitor is indicated in Fig. 7-24a. This structure is a parallel-plate capac- 


Al metalization C, 0.2 pF/mil? 


R= 
10-500 


n-type layer 


C, 


Substrate 


(6) 


Fig. 7-23 (a) Junction monolithic capacitor. (b) Equivalent circuit. (Courtesy 
of Motorola, Inc.) 
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Fig. 7-24 An MOS capacitor. (a) The structure; (b) the equivalent circuit. 


itor with SiO, as the dielectric. A surface thin film of metal (aluminum) is 
the top plate. The bottom plate consists of the heavily doped n+ region that 
is formed during the emitter diffusion. A typical value for capacitance? is 
0.4 pF /mil? for an oxide thickness of 500 A, and the capacitance varies inversely 
with the thickness. 

The equivalent circuit of the MOS capacitor is shown in Fig. 7-246, 
where C denotes the parasitic capacitance J; of the collector-substrate junc- 
tion, and # is the small series resistance of the n+ region. Table 7-2 lists the 
range of possible values for the parameters of junction and MOS capacitors. 


TABLE 7-2 Integrated capacitor parameters 
Diffused-junction 
Characteristic capacitor Thin-film MOS 
. 1 

Capacitance, pF/mil beeen ee 0.2 0.25-0.4 
Maximum area, mil?........... 2 x 103 

. 2 xX 103 
Maximum value, pF........... 400 300 
Breakdown voltage, V.......... 5-20 50-200 
Voltage dependence............ kv-# 0 
Tolerance, percent............. +20 +20 

Inductors No practical inductance values have been obtained at the 


present time (1972) on silicon substrates using semiconductor or thin-film 
techniques. Therefore their use is avoided in circuit design wherever possible. 
If an inductor is required, a discrete component is connected externally to the 
integrated circuit. 


Characteristics of Integrated Components Based upon our discussion 
of integrated-circuit technology, we can summarize the significant charac- 
teristics of integrated circuits (in addition to the advantages listed in Sec. 7-1). 
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1. A restricted range of values exists for resistors and capacitors. Typi- 
cally, 102 < R < 30 KandC < 200 pF. 

2. Poor tolerances are obtained in fabricating resistors and capacitors of 
specific magnitudes. For example, +20 percent of absolute values is typical. 
"Resistance ratio tolerance can be specified to +1 percent because all resistors 
are made at the same time using the same techniques. 

3. Components have high-temperature coefficients and may also be volt- 
age-sensitive. 

4. High-frequency response is limited by parasitic capacitances. 

5. The technology is very costly for small-quantity production. 

6. No practical inductors or transformers can be integrated. 


In the next section we examine some of the design rules for the layout of 
monolithic circuits. 


7-10 MONOLITHIC-CIRCUIT LAYOUT?.!° 


In this section we describe how to transform the discrete logic circuit of Fig. 
7-25a into the layout of the monolithic circuit shown in Fig. 7-26. 


Design Rules for Monolithic Layout The following 10 reasonable design 
rules are stated by Phillips?®: 


1. Redraw the schematic to satisfy the required pin connection with the 
minimum number of crossovers. 


(a) (6) 


Fig. 7-25. (a) ADTL gate. (b) The schematic redrawn to indicate the 10 external 
connections arranged in the sequence in which they will be brought out to the 
header pins. The isolation regions are shown in heavy outline. 
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2. Determine the number of isolation islands from collector-potential con- 
siderations, and reduce the areas as much as possible. 

3. Place all resistors having fixed potentials at one end in the same iso- 
lation island, and return that isolation island to the most positive potential 
in the circuit. 

4. Connect the substrate to the most negative potential of the circuit. 

5. In layout, allow an isolation border equal to twice the epitaxial thick- 
ness to allow for underdiffusion. 

6. Use 1-mil widths for diffused emitter regions and 4-mil widths for base 
contacts and spacings, and for collector contacts and spacings. 

7. For resistors, use widest possible designs consistent with die-size 
limitations. Resistances which must have a close ratio must have the same 
width and be placed close to one another. 

8. Always optimize the layout arrangement to maintain the smallest 
possible die size, and if necessary, compromise pin connections to achieve this. 

9. Determine component geometries from the performance requirements 
of the circuit. 

10. Keep all metalizing runs as short and as wide as possible, particularly 
at the emitter and collector output connections of the saturating transistor. 


Pin Connections The circuit of Fig. 7-25a is redrawn in Fig. 7-25), 
with the external leads labeled 1, 2, 3, ... , 10 and arranged in the order 
in which they are connected to the header pins. The diagram reveals that 
the power-supply pins are grouped together, and also that the inputs are on 
adjacent pins. In general, the external connections are determined by the 
system in which the circuits are used. 


Crossovers Very often the layout of a monolithic circuit requires two 
conducting paths (such as leads 5 and 6 in Fig. 7-25b) to cross over each other. 
This crossover cannot be made directly because it will result in electric contact 
between two parts of the circuit. Since all resistors are protected by the SiO. 
layer, any resistor may be used as a crossover region. In other words, if 
aluminum metalization is run over a resistor, no electric contact will take 
place between the resistor and the aluminum. 

Sometimes the layout is so complex that additional crossover points may 
be required. <A diffused structure which allows a crossover is also possible.! 


Isolation Istands The number of isolation islands is determined next. 
Since the transistor collector requires one isolation region, the heavy rectangle 
has been drawn in Fig. 7-256 around the transistor. It is shown connected 
to the output pin 2 because this isolation island also forms the transistor col- 
lector. Next, all resistors are placed in the same isolation island, and the 
island is then connected to the most positive voltage in the circuit, for reasons 
discussed in See. 7-8. 
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To determine the number of isolation regions required for the diodes, it 
is necessary first to establish which kind of diode will be fabricated. In this 
case, because of the low forward drop shown in Fig. 7-19, it was decided to 
make the common-anode diodes of the emitter-base type with the collector 
shorted to the base. Since the “‘coilector” is at the ‘base’ potential, it is 
required to have a single isolation island for the four common-anode diodes. 
Finally, the remaining diode is fabricated as an emitter-base diode, with the 
collector open-circuited, and thus it requires a separate isolation island. 


The Fabrication Sequence The final monolithic layout is determined by 
a trial-and-error process, having as its objective the smallest possible die size. 
This layout is shown in Fig. 7-26. The reader should identify the four iso- 
lation islands, the three resistors, the five diodes, and the transistor. It is 
interesting to note that the 5.6-K resistor has been achieved with a 2-mil-wide 
1.8-IX resistor in series with a 1-mil-wide 3.8-IX resistor. To conserve space, 


Indicates isolation region "J Indicates metalization 


Fig. 7-26 Monolithic design layout for the circuit of Fig. 7-25. 
(Courtesy of Motorola Monitor, Phoenix, Ariz.) 
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Fig. 7-27 Monolithic fab- 
rication sequence for the 
circuit of Fig. 7-25. 
(Courtesy of Motorola 
Monitor, Phoenix, Ariz.) 
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the resistor was folded back on itself. In addition, two metalizing crossovers 
ran over this resistor. 

From a layout such as shown in Fig. 7-26, the manufacturer produces 
the masks required for the fabrication of the monolithic integrated circuit. 
The production sequence which involves isolation, base, and emitter diffusions, 
preohmic etch, aluminum metalization, and the flat package assembly is shown 
in Fig. 7-27. 


7-11 ADDITIONAL ISOLATION METHODS 


Electrical isolation between the different elements of a monolithic integrated 
circuit is accomplished by means of a diffusion which yields back-to-back 
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p-n junctions, as indicated in Sec. 7-2. With the application of bias voltage 
to the substrate, these junctions represent reverse-biased diodes with a very 
high back resistance, thus providing adequate dc isolation. But since each 
p-n junction is also a capacitance, there remains that inevitable capacitive 
coupling between components and the substrate. These parasitic distributed 
capacitances thus limit monolithic integrated circuits to frequencies somewhat 
below those at which corresponding discrete circuits can operate. 

Additional methods for achieving better isolation, and therefore improved 
frequency response, have been developed, and are discussed in this section. 


Dielectric Isolation In this process!! the diode-isolation concept is dis- 
carded completely. Instead, isolation, both electrical and physical, is achieved 
by means of a layer of solid dielectric which completely surrounds and sepa- 
rates the components from each other and from the common substrate. This 
passive layer can be silicon dioxide, silicon monoxide, ruby, or possibly a glazed 
ceramic substrate which is made thick enough so that its associated capacitance 
is negligible. 

In a dielectric isolated integrated circuit it is possible to fabricate readily 
p-n-p and n-p-n transistors within the same silicon substrate. It is also simple 
to have both fast and charge-storage diodes and also both high- and low-fre- 
quency transistors in the same chip through selective gold diffusion—a process 
prohibited by conventional techniques because of the rapid rate at which gold 
diffuses through silicon unless impeded by a physical barrier such as a dielectric 
layer. ‘ 

An isolation method pioneered by RCA" is referred to as SOS (silicon- 
on-sapphire). On a single-crystal sapphire substrate an n-type silicon layer 
is grown heteroepitaxially. By etching away selected portions of the silicon, 
isolated islands are formed (interconnected only by the high-resistance sap- 
phire substrate). 

One isolation method employing silicon dioxide as the isolating material 
is the EPIC process,!? developed by Motorola, Inc. This EPIC isolation 
method reduces parasitic capacitance by a factor of 10 or more. In addition, 
the insulating oxide precludes the need for a reverse bias between substrate 
and circuit elements. Breakdown voltage between circuit elements and 
substrate is in excess of 1,000 V, in contrast to the 20 V across an isolation 
junction. 


Beam Leads The beam-lead concept!? of Bell Telephone Laboratories 
was primarily developed to batch-fabricate semiconductor devices and inte- 
grated circuits. This technique consists in depositing an array of thick (of 
the order of 1 mil) contacts on the surface of a slice of standard monolithic 
circuit, and then removing the excess semiconductor from under the contacts, 
thereby separating the individual devices and leaving them with semirigid 
beam leads cantilevered beyond the semiconductor. The contacts serve not 
only as electrical leads, but also as the structural support for the devices; 
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Fig. 7-28 The beam-lead isolation technique. (a) Photomicrograph 
of logic circuit connected in a header. (b) The underside of the 
same circuit, with the various elements identified. (Courtesy of 

Bell Telephone Laboratories.) 


hence the name beam leads. Chips of beam-lead circuits are mounted directly 
by leads, without 1-mil aluminum or gold wires. 

Isolation within integrated circuits may be accomplished by the beam- 
lead structure. By etching away the unwanted silicon from under the beam 
leads which connect the devices on an integrated chip, isolated pads of silicon 
may be attained, interconnected by the beam leads. The only capacitive 
coupling between elements is then through the small metal-over-oxide overlay. 
This is much lower than the junction capacitance incurred with p-n junction- 
isolated monolithic circuits. 

It should be pointed out that the dielectric and beam-lead isolation 
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techniques involve additional process steps, and thus higher costs and possible 
reduction in yield of the manufacturing process. 

Figure 7-28 shows photomicrographs of two different views of a logic 
circuit made using the beam-lead technique. The top photo shows the logic 
circuit connected in a header. The bottom photo shows the underside of 
the same circuit with the various elements identified. This device is made 
using conventional planar techniques to form the transistor and resistor regions. 
Electrical isolation is accomplished by removing all unwanted material bet ween 
components. The beam leads then remain to support and intraconnect the 
~ isolated components. 


Hybrid Circuits! The hybrid circuit as opposed to the monolithic circuit 
consists of several component. parts (transistors, diodes, resistors, capacitors, 
or complete monolithic circuits), all attached to the same ceramic substrate 
and employing wire bonding to achieve the interconnections. In these circuits 
electrical isolation is provided by the physical separation of the component 
parts, and in this respect hybrid circuits resemble beam-lead circuits. 


7-12 LARGE-SCALE AND MEDIUM-SCALE INTEGRATION 
(LS! AND MSI) 


Large-scale integration!! represents the process of fabricating chips with a 
large number of components which are interconnected to form complete sub- 
systems or systems. In 1972 commercially available LSI circuits contained, 
typically, more than 100 gates, or 1,000 individual circuit components. A 
triple-diffused bipolar transistor requires approximately 50 mil? of chip area, 
whereas a typical MOS transistor (Chap. 10) requires only 5 mil?. Much 
higher element densities are possible with {OS LSI than bipolar LSI circuits. 

Since LSI is an extension of integrated-circuit techniques, the fabrication 
is identical with that described in Sec. 7-2. Only the methods of testing and 
interconnection are different with LSI. There are two principal techniques, 
called discretionary wiring and fired interconnection pattern. The former con- 
sists in manufacturing on a single large chip many identical units, called unit 
cells, such as logic gates which are to be interconnected into a system. The 
cells are then tested by an automatie LSI tester which remembers the loca- 
tion of the “good” cells. The tester is coupled to a digital computer which 
calculates instructions for a pattern of metalization runs which interconnects 
the good cells so as to yield the desired system function. This process must 
be repeated for each LSI wafer, since the patterns of good and bad circuits 
will differ from wafer to wafer. 

A fixed interconnection pattern starts with a more complex cell, called a 
polycell, and then interconnects several of these to form a larger system through 
a fixed interconnection which is less complex than the pattern required for an 
equal array composed of simpler circuits. 
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The most common LSI products are read-write memories (R/W), read- 
only memories (ROM), and shift registers (discussed in Chap. 17). 


Medium-scale Integration MSI devices have a component density 
less than that of LSI, but in excess of about 100 per chip. These commer- 
cially available units include shift registers, counters, decoders, adders, etc. 
(Chap. 17). 


7-13 THE METAL-SEMICONDUCTOR CONTACT?! 


Two types of metal-semiconductor junctions are possible, ohmic and rectifying. 
The former is the type of contact desired when a lead is to be attached to a 
semiconductor. On the other hand, the rectifying contact results in a metal- 
semiconductor diode (called a Schottky barrier), with volt-ampere character- 
istics very similar to those of a p-n diode. The metal-semiconductor diode 
was investigated many years ago, but until the late 1960s commercial Schottky 
diodes were not available because of problems encountered in their manufac- 
ture. It has turned out that most of the fabrication difficulties are due to 
surface effects; by employing the surface-passivated integrated-circuit tech- 
niques described in this chapter, it is possible to construct almost ideal metal- 
semiconductor diodes very economically. 

As mentioned in Sec. 7-2 (step 4), aluminum acts as a p-type impurity 
when in contact with silicon. If Al is to be attached as a lead to n-type Si, 
an ohmic contact is desired and the formation of a p-n junction must be pre- 
vented. It is for this reason that n+ diffusions are made in the n regions near 
the surface where the Al is deposited (Fig. 7-2d). On the other hand, if the 
n* diffusion is omitted and the Al is deposited directly upon the n-type Si, 
an equivalent p-n structure is formed, resulting in an excellent metal-semi- 
conductor diode. In Fig. 7-29 contact 1 is a Schottky barrier, whereas con- 
tact 2 is an ohmic (nonrectifying) contact, and a metal-semiconductor diode 
exists between these two terminals, with the anode at contact 1. Note that 


Fig. 7-29 (a) A Schottky 
1 2 diode formed by IC tech- 
niques. The aluminum and 
the lightly doped n region 


l >| 2 form a rectifying contact 1, 
Anode Cathode 


whereas the metal and the 


heavily doped n+ region 


p-type substrate 


(a) (b) (b) The symbol for this 


form an ohmic contact 2. 


metal-semiconductor diode. 


Sec. 7-13 INTEGRATED CIRCUITS: FABRICATION AND CHARACTERISTICS / 229 


p substrate 


(a) (b) (c) 


Fig. 7-30 (a) A transistor with a Schottky-diode clamp between base 
and collector to prevent saturation. (b) The cross section of a mono- 
lithic IC equivalent to the diode-transistor combination in (a). (c) The 
Schottky transistor symbol, which is an abbreviation for that shown in (a). 


the fabrication of a Schottky diode is actually simpler than that of a p-n 
diode, which requires an extra (p-type) diffusion. 

The external volt-ampere characteristic of a metal-semiconductor diode 
is essentially the same as that of a p-n junction, but the physical mechanisms 
involved are more complicated. Note that in the forward direction electrons 
from the n-type Si cross the junction into the metal, where electrons are 
plentiful. In this sense, this is a majority-carrier device, whereas minority 
carriers account for a p-n diode characteristic. As explained in Sec. 3-10, 
there is a delay in switching a p-n diode from ON to OFF because the minority 
carriers stored at the junction must first be removed. Schottky diodes have 
a negligible storage time t, because the current is carried predominantly by 
majority carriers. (Electrons from the n side enter the aluminum and become 
indistinguishable from the electrons in the metal, and hence are not “stored”’ 
near the junction.) 

It should be mentioned that the voltage drop across a Schottky diode is 
much less than that of a p-n diode for the same forward current. Thus, a 
cutin voltage of about 0.3 V is reasonable for a metal-semiconductor diode 
as against 0.6 V for a p-n barrier. Hence the former is closer to the ideal 
diode clamp than the latter. 


The Schottky Transistor To reduce the propogation-delay time in a logic 
gate, it is desirable to eliminate storage time in all transistors. In other 
words, a transistor must be prevented from entering saturation. This con- 
dition can be achieved, as indicated in Fig. 7-30a, by using a Schottky diode 
as a clamp between the base and emitter. If an attempt is made to saturate 
this transistor by increasing the base current, the collector voltage drops, D 
conducts, and the base-to-collector voltage is limited to about 0.4 V. Since 
the collector junction is forward-biased by less than the cutin voltage (~0.5 V), 
the transistor does not enter saturation (Sec. 5-8). 
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With no additional processing steps, the Schottky clamping diode can be 
fabricated at the same time that the transistor is constructed. As indicated 
in Fig. 7-306, the aluminum metalization for the base lead is allowed to make 
contact also with the n-type collector region (but without an intervening n+ 
section). This simple procedure forms a metal-semiconductor diode between 
base and collector. The device in Fig. 7-300 is equivalent to the circuit of 
Fig. 7-30a. This is referred to as a Schottky transistor, and is represented by 
the symbol in Fig. 7-30c. 
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REVIEW QUESTIONS 


' 

7-1 What are the four advantages of integrated circuits? 

7-2 List the five steps involved in fabricating a monolithic integrated circuit 
(IC), assuming you already have a substrate. 

7-3 List the five basic processes involved in the fabrication of an IC, assuming 
you already have a substrate. 

7-4 Describe epitaxial growth. 

7-5 (a) Describe the photoetching process. (b) How many masks are required 
to complete an IC? List the function performed by each mask. , 

7-6 (a) Describe the diffusion process. (b) What is meant by an impurity 
profile? 

7-7 (a) How is the surface layer of SiO, formed? (6) How thick is this layer? 
(c) What are the reasons for forming the SiO, layers? 

7-8 Explain how isolation between components is obtained in an IC. 

7-9 How are the components interconnected in an IC? 

7-10 Explain what is meant by parasitic capacitance in an IC. 

7-11 Give the order of magnitude of (a) the substrate thickness; (6) the epi- 
taxial thickness; (c) the base width; (d) the diffusion time; (e) the diffusion tempera- 
ture; (f) the surface area of a transistor; (g) the chip size. 

7-12 Sketch the cross section of an IC transistor. 

7-13 Sketch the cross section of a discrete planar epitaxial transistor. 

7-14 List the advantages and disadvantages of an IC vs. a discrete transistor. 

7-15 (a) Define buried layer. (b) Why is it used? 

7-16 Describe a lateral p-n-p transistor. Why is its current gain low? 

7-17. Describe a vertical p-n-p transistor. Why is it of limited use? 

7-18 Describe a supergain transistor. 

7-19 (a) How are IC diodes fabricated? (b) Sketch the cross sections of two 
types of emitter-base diodes. 

7-20 Sketch the cross section of a diode pair using collector-base regions if (a) the 
cathode is common and (6) the anode is common. 

7-21. Sketch the top view of a multiple-emitter transistor. Show the isolation, 
collector, base, and emitter regions. 

7-22. (a) Define sheet resistance Rs. (6) What is the order of magnitude of Rs 
for the base region and also for the emitter region? (c) Sketch the cross section of an 
IC resistor. (d) What are the order of magnitudes of the smallest and the largest 
values of an IC resistance? 

7-23 (a) Sketch the equivalent circuit of a base-diffused resistor, showing all 
parasitic elements. (6) What must be done (externally) to minimize the effect of the 
parasitic elements? 

7-24 Describe a thin-film resistor. 
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7-25 (a) Sketch the cross section of a junction capacitor. (6) Draw the equiva- 
lent circuit, showing all parasitic elements. 

7-26 Repeat Rev. 7-25 for an MOS capacitor. 

7-27 (a) What are the two basic distinctions between a junetion and an MOS 
capacitor? (6) What is the order of magnitude of the capacitance per square mil? 
(c) What is the order of magnitude of the maximum value of C? 

7-28 (a) To what voltage is the substrate connected? Why? (6) To what 
voltage is the isolation island containing the resistors connected? Why? (c) Can 
several transistors be placed in the same isolation island? Explain. 

7-29 Describe briefly (a) dielectric isolation; (b) beam-lead isolation. 

7-30 What is meant by a hybrid circuit? 

7-31 How is an aluminum contact made with n-type silicon so that it is (a) 
ohmic; (b) rectifying? 

7-32 Why is storage time eliminated in a metal-semiconductor diode? 

7-33 What is a Schottky transistor? Why is storage time eliminated in such a 
transistor? 


7-34 Sketch the cross section of an IC Schottky transistor. 


FIELD-EFFECT 
TRANSISTORS 


The field-effect transistor! is a semiconductor device which depends 
for its operation on the control of current by an electric field. There 
are two types of field-effect transistors, the junction field-effect transis- 
tor (abbreviated JFET, or simply FET) and the insulated-gate field- 
effect transistor (IGFET), more commonly called the metal-oxide-semi- 
conductor (MOS) transistor (MOST, or MOSFET). 

The principles on which these devices operate, as well as the 
differences in their characteristics, are examined in this chapter. 
Representative circuits making use of FET transistors are also 
presented. 

The field-effect transistor differs from the bipolar junction tran- 
sistor in the following important characteristics: 


1. Its operation depends upon the flow of majority carriers only. 
It is therefore a unipolar (one type of carrier) device. 

2. It is simpler to fabricate and occupies less space in integrated 
form. . 

3. It exhibits a high input resistance, typically many megohms. 

4. It is less noisy than a bipolar transistor. 

5. It exhibits no offset voltage at zero drain current, and hence 
makes an excellent signal chopper.’ 


The main disadvantage of the FET is its relatively small gain- 
bandwidth product in comparison with that which can be obtained with 
a conventional transistor. The principal applications of MOSFETs 
are as LSI digital arrays. 
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10-1 THE JUNCTION FIELD-EFFECT TRANSISTOR 


The structure of an n-channel field-effect transistor is shown in Fig. 10-1. 
Ohmic contacts are made to the two ends of a semiconductor bar of n-type 
material (if p-type silicon is used, the device is referred to as a p-channel FET). 
Current is caused to flow along the length of the bar because of the voltage 
supply connected between the ends. This current consists of majority carriers, 
which in this case are electrons. A simple side view of a JFET is indicated in 
Fig. 10-la and a more detailed sketch is shown in Fig. 10-1b. The circuit 
symbol with current and voltage polarities marked is given in Fig. 10-2. The 
following FET notation is standard. 


Source The source S is the terminal through which the majority carriers 
enter the bar. Conventional current entering the bar at S is designated by J. 


Drain The drain D is the terminal through which the majority carriers 


_ leave the bar. Conventional current entering the bar at D is designated by Ip. 


The drain-to-source voltage is called Vps, and is positive if D is more positive 
than S. In Fig. 10-1, Vos = Vpop = drain supply voltage. 


Gate On both sides of the n-type bar of Fig. 10-1, heavily doped (p*) 
regions of acceptor impurities have been formed by alloying, by diffusion, or 


Depletion region 


p+ type gate is Drain 


ype Zt 
p” type 
gate 


W(x) 


od (b) 


Fig. 10-1 The basic structure of an n-channel field-effect transistor. (a) Sim- 
plified view. (b) More detailed drawing. The normal polarities of the drain- 
to-source (Vpn) and gate-to-source (Vcc) supply voltages are shown. Ina 
p-channel FET the voltages would be reversed. 
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by any other procedure available for creating p-n junctions. These impu- 
rity regions are called the gate G. Between the gate and source a voltage 
Vas = —Vee is applied in the direction to reverse-bias the p-n junction. 
Conventional current entering the bar at G is designated Ig. 


Channel The region in Fig. 10-1 of n-type material between the two 
gate regions is the channel through which the majority carriers move from 
source to drain. 


FET Operation It is necessary to recall that on the two sides of the 
reverse-biased p-n junction (the transition region) there are space-charge 
regions (Sec. 3-7). The current carriers have diffused across the junction, 
leaving only uncovered positive ions on the n side and negative ions on the 
pside. The electric lines of field intensity which now originate on the positive 
ions and terminate on the negative ions are precisely the source of the voltage 
drop across the junction. As the reverse bias across the junction increases, so 
also does the thickness of the region of immobile uncovered charges. The con- 
ductivity of this region is nominally zéro because of the unavailability of cur- 
rent carriers. Hence we see that the effective width of the channel in Fig. 10-1 
will become progressively decreased with increasing reverse bias. Accordingly, 
for a fixed drain-to-source voltage, the drain current will be a function of the 
reverse-biasing voltage across the gate junction. The term jield effect is used 
to describe this device because the mechanism of current control is the effect 
of the extension, with increasing reverse bias, of the field associated with the 
region of uncovered charges. 


FET Static Characteristics The circuit, symbol, and polarity conventions 
for an FET are indicated in Fig. 10-2. The direction of the arrow at the gate 
of the junction FET in Fig. 10-2 indicates the direction in which gate current 
would flow if the gate junction were forward-biased. The common-source 
drain characteristics for a typical n-channel FET shown in Fig. 10-3 give Ip 
against Vps, with Ves as a parameter. To see qualitatively why the charac- 
teristics have the form shown, consider, say, the case for which Veg = 0. For 
Ip = 0, the channel between the gate junctions is entirely open. In response 


Fig. 10-2 Circuit symbol for an 
n-channel FET. (For a p-channel FET 
the arrow at the gate junction points 
in the opposite direction.) For an 
n-channel FET, Jp and Vps are posi- 
tive and Ves is negative. Fora 
p-channel FET, Ip and Vps are nega- 
tive and Vgs is positive. 
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to a small applied voltage Vps, the n-type bar acts as a simple semiconductor 
resistor, and the current Jp increases linearly with Vps. With increasing cur- 
rent, the ohmic voltage drop between the source and the channel region reverse- 
biases the junction, and the conducting portion of the channel begins to con- 
strict. Because of the ohmic drop along the length of the channel itself, the 
constriction is not uniform, but is more pronounced at distances farther from 
the source, as indicated in Fig. 10-1. Eventually, a voltage Vpgs is reached 
at which the channel is ‘‘pinched off.’’ This is the voltage, not too sharply 
defined in Fig. 10-3, where the current Jp begins to level off and approach a 
constant value. It is, of course, in principle not possible for the channel to 
close completely and thereby reduce the current Zp to zero. For if such, 
indeed, could be the case, the ohmic drop required to provide the necessary 
back bias would itself be lacking. Note that each characteristic curve has an 
ohmic region for small values of Vps, where Ip is proportional to Vps. Each 
also has a constant-current region for large values of Vps, where Ip responds 
very slightly to Vps. 

If now a gate voltage Ves is applied in the direction to provide additional 
reverse bias, pinch-off will occur for smaller values of |Vps|, and the maxi- 


_mum drain current will be smaller. This feature is brought out in Fig. 10-3. 


Note that a plot for a silicon FET is given even for Veg = +0.5 V, which is in 
the direction of forward bias. We note from Table 5-1 that, actually, the 
gate current will be very small, because at this gate voltage the Si junction is 
barely at the cutin voltage V,. 

The maximum voltage that can be applied between any two terminals of 
the FET is the lowest voltage that will cause avalanche breakdown (Sec. 3-11) 
across the gate junction. From Fig. 10-3 it is seen that avalanche occurs at 
a lower value of |Vps| when the gate is reverse-biased than for Ves = 0. This 
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Drain Gate Source 


Source 


Fig. 10-4 Single-ended-geometry 
junction FET. 


Channel 


Pp 
(Substrate) 


is caused by the fact that the reverse-bias gate voltage adds to the drain volt- 
age, and hence increases the effective voltage across the gate junction. 

We note from Fig. 10-2 that the n-channel FET requires zero or negative 
gate bias and positive drain voltage. The p-channel FET requires opposite 
voltage polarities. Either end of the channel may be used as a source. We 
can remember supply polarities by using the channel type, p or n, to designate 
the polarity of the source side of the drain supply. 


A Practical FET Structure The structure shown in Fig. 10-1 is not prac- 
tical because of the difficulties involved in diffusing impurities into both sides 
of a semiconductor wafer. Figure 10-4 shows a single-ended-geometry junc- 
tion FET where diffusion is from one side only. The substrate is of p-type 
material onto which an n-type channel is epitaxially grown (Sec. 7-3). A 
p-type gate is then diffused into the n-type channel. The substrate which 
may function as a second gate is of relatively low resistivity material. The 
diffused gate is also of very low resistivity material, allowing the depletion 
region to spread mostly into the n-type channel. 


10-2 THE PINCH-OFF VOLTAGE Vp 


We derive an expression for the gate reverse voltage Vp that removes all the 
free charge from the channel using the physical model described in the pre- 
ceding section. This analysis was first made by Shockley,! using the structure 
of Fig. 10-1. In this device a slab of n-type semiconductor is sandwiched 
between two layers of p-type material, forming two p-n junctions. 

Assume that the p-type region is doped with N4 acceptors per cubic meter, 
that the n-type region is doped with Np donors per cubic meter, and that the 
junction formed is abrupt. The assumption of an abrupt junction is the same 
as that made in Sec. 3-7 and Fig. 3-10, and is chosen for simplicity. More- 
over, if N4 >> Np, we see from Eq. (3-17) that W, < W,, and using Eq. (3-21), 
we have, for the space-charge width, W(x) = W(z) at a distance x along the 
channel in Fig. 10-1: | 


Wa) = a we) = [Ae UV, - veo} (10-1) 


| 
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where e = dielectric constant of channel material 


magnitude of electronic charge 

V, = junction contact potential at 2 (Fig. 3-1d) 
V(x) = applied potential across space-charge region at x and is a negative 
number for an applied reverse bias 
penetration W(x) of depletion region into channel at a point z 
along channel (Fig. 10-1) 

If the drain current is zero, b(z) and V(x) are independent of zx and 
b(z) = b. If in Eq. (10-1) we substitute b(z) = b = 0 and solve for V, on the 
assumption that |V.| << |V|, we obtain the pinch-off voltage Vp, the diode 
reverse voltage that removes all the free charge from the channel. Hence 
qN 


Do» - 
a % (10-2) 


=) 
I 


a — b(z) 


[Vp| = 


If we substitute Ves for V, — V(x) in Eq. (10-1), we obtain, using Eq. (10-2), 


b 2 
Ves = (1 — :) Vp (10-3) 


The voltage Ves in Eq. (10-3) represents the reverse bias across the gate 
junction and is independent of distance along the channel if Ip = 0. 


EXAMPLE For an n-channel silicon FET with a = 3 X 10-4 cm and Np = 1015 
electrons/cm3, find (a) the pinch-off voltage and (6) the channel half-width for 
Vas > 4Vp and Ip = 0. 


Solution a. The relative dielectric constant of silicon is given in Table 2-1 as 

12, and hence ¢ = 12¢€,. Using the values of g and e, from Appendix A, we 

have, from Eq. (10-2), expressed in mks units, 

_ 1.60 x 107'* x 107! x (3 X 107%)? 
2 X 12 X (86r X 10°) 


b. Solving Eq. (10-3) for b, we obtain for Ves = 4Vp 


Vp = 6.8 V 


4 
b= E _ (5) = (3 X 10-4)!1 — (4)!| = 0.87 X 10-4 cm 


P 


Hence the channel width has been reduced to about one-third its value for Ves = 0. 


10-3 THE JFET VOLT-AMPERE CHARACTERISTICS 


Assume, first, that a small voltage Vngs is applied between drain and source. 
The resulting small drain current Jp will then have no appreciable effect on 
the channel profile. Under these conditions we may consider the effective 
channel cross section A to be constant throughout its length. Hence A = 2bw, 
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where 2b is the channel width corresponding to zero drain current as given by 
Eq. (10-3) for a specified Ves, and w is the channel dimension perpendicular 
to the b direction, as indicated in Fig. 10-1. 

Since no current flows in the depletion region, then, using Ohm’s law 
[Eq. (2-7)], we obtain for the drain current 


In = AgNonp.& = 2bwaN pun rps (10-4) 
where L is the length of the channel. 
Substituting 6 from Eq. (10-3) in Eq. (10-4), we have 


Ip = Zag pin ji - Ge) Vos (10-5) 

The on Resistance rz,on Equation (10-5) describes the volt-ampere 
characteristics of Fig. 10-3 for very small Vps, and it suggests that under these 
conditions the FET behaves like an ohmic resistance whose value is deter- 
mined by Ves. The ratio Vps/Ip at the origin is called the on drain resis- 
- tance razon. For a JFET we obtain from Eq. (10-5), with Ves = 0, 


L 
2awgN pun 


T4,0N >= (10-6) 
For the device values given in the illustrative example in this section and 
with L/w = 1, we find that rzon = 3.3 K. For the dimensions and concen- 
tration used in commercially available FETs and MOSFETs (Sec. 10-5), 
values of rz,on ranging from about 100 2 to 100 K are measured. This param- 
eter is important in switching applications where the FET is driven heavily on. 
The bipolar transistor has the advantage over the field-effect device in that 
Res is usually only a few ohms, and hence is much smaller than raon. How- 
ever, a bipolar transistor has the disadvantage for chopper applications? of 
possessing an offset voltage (Sec. 5-12), whereas the FET characteristics pass 
through the origin, Jp = 0 and Vpgs = 0. 


The Pinch-off Region We now consider the situation where an electric 
field & appears along the x axis. If a substantial drain current Ip flows, the 
drain end of the gate is more reverse-biased than the source end, and hence 
the boundaries of the depletion region are not parallel to the longitudinal axis 
of the channel, but converge as shown in Fig. 10-1. If the convergence of the 
depletion region is gradual, the previous one-dimensional analysis is valid! in a 
thin slice of the channel of thickness Az and at a distance x from the source. 
Subject to this condition of the “gradual” channel, the current may be written 
by inspection of Fig. 10-1 as 


Ip = 2b(x)wqN pun&: (10-7) 


As Vps increases, &, and Ip increase, whereas b(x) decreases because the 
channel narrows, and hence the current density J = Ip/2b(x)w increases. We 


q 
§ 
| 
i 
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now see that complete pinch-off (6b = 0) cannot take place because, if it did, 
_ J would become infinite, which is a physically impossible condition. If J 
were to increase without limit, then, from Eq. (10-7), so also would &2, provided 
that uw, remains constant. It is found experimentally,?}4 however, that the 
mobility is a function of electric field intensity and remains constant only 
for &2 < 10? V/cm in n-type silicon. For moderate fields, 10° to 104 V/cm, 
the mobility is approximately inversely proportional to the square root of the 
applied field. For still higher fields, such as are encountered at pinch-off, 


+ un is inversely proportional to &. In this region the drift velocity of the 


electrons (v, = u,»&z) remains constant, and Ohm’s law is no longer valid. 
From Eq. (10-7) we now see that both Ip and b remain constant, thus explain- 
ing the constant-current portion of the V-I characteristic of F ig. 10-3. 

What happens‘ if Vps is increased beyond pinch-off, with Vgs held 
constant? As explained above, the minimum channel width bein = 6 has a 
small nonzero constant value. This minimum width occurs at the drain end 
of the bar. As Vps is increased, this increment in potential causes an increase 
in & in an adjacent channel section toward the source. Referring to Fig. 10-5, 
the velocity-limited region L’ increases with Vps, whereas 6 remains at a fixed 
value. 


The Region before Pinch-off We have verified that the FET behaves as 

‘an ohmic resistance for small Vpg and as a constant-current device for large 
Vos. An analysis giving the shape of the volt-ampere characteristic between 

‘these two extremes is complicated. It has already been mentioned that in 
this region the mobility is at first independent of electric field and then 

varies with 6+ for larger values of & (before pinch-off). Taking this rela- 

tionship into account, it is possible*-* to obtain an expression for Ip as a 


Depletion region 


Fig. 10-5 After pinch-off, as Vps is increased, then L’ 
increases but 6 and Jp remain essentially constant. (G; 
and G, are tied together.) 
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function of Vps and Vgs which agrees quite well with experimentally deter- 
mined curves. 


The Transfer Characteristic In amplifier applications the FET is almost 
always used in the region beyond pinch-off (also called the constant-current, 
pentode, or current-saturation region). Let the saturation drain current be 
designated by Ips, and its value with the gate shorted to the source (Ves = 0) 
by Inss. It has been found® that the transfer characteristic, giving the rela- 
tionship between Ips and V@s, can be approximated by the parabola 


2 
Ins = Toss ( _ 2) (10-8) 


This simple parabolic approximation gives an excellent fit, with the experi- 
mentally determined transfer characteristics for FETs made by the diffusion 
process. 


Cutoff Consider an FET operating at a fixed value of V ps in the constant- 
-current region. As Vgg is increased in the direction to reverse-bias the gate 
junction, the conducting channel will narrow. When Ves = Vp, the channel 
width is reduced to zero, and from Eq. (10-8), Ins = 0. With a physical 
device some leakage current J p,orr Still flows even under the cutoff condition 
|Ves| > |Vp|. A manufacturer usually specifies a maximum value of Ip.orr 
at a given value of Ves and Vos. Typically, a value of a few nanoamperes 
may be expected for Ip orr for a silicon FET. 

The gate reverse current, also called the gate cutoff current, designated by 
Tess, gives the gate-to-source current, with the drain shorted to the source 
for |Ves| > |Vp|. Typically, Zess is of the order of a few nanoamperes for a 
silicon device. 


10-4 THE FET SMALL-SIGNAL MODEL 


The linear small-signal equivalent circuit for the FET can be obtained in a 
manner analogous to that used to derive the corresponding model for a tran- 
sistor. We employ the same notation in labeling time-varying and de currents 
and voltages as used in Secs. 8-1 and 8-2 for the transistor. We can formally 
express the drain current ip as a function f of the gate voltage vgs and drain 
voltage ups by 


tp = f(ves, Ups) (10-9) 
The Transconductance g,, and Drain Resistance ra If both the gate and 


drain voltages are varied, the change in drain current is given approximately 
by the first two terms in the Taylor’s series expansion of Eq. (10-9), or 


oo Op 
Aip = aves Vos Aves + vps Vos Alps (10-10) 
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In the small-signal notation of Sec. 8-1, Aip = tz, Avgs = Uys, and Avpg = Vas, 
go that Eq. (10-10) becomes 


. 1 
ta = JmYge + 7, Uae (10-11) 
. d 
where 
_ dlp ~ Atp _ la 
gn = OVes Vos ~ Avgs Vos ~ Vos Vos (10-12) 


is the mutual conductance, or transconductance. It is also often designated 
by yy. or gy. and called the (common-source) forward transadmittance. The 
-second parameter rz in Eq. (10-11) is the drain (or output) résistance, and is 
defined by 


Ups 
Otp 


Alps 
Vas Atp 


_ Uds 


Ves la 


(10-13) 


= 


Vas 


The reciprocal of rz is the drain conductance gz. It is also designated by yoz 
and g.. and called the (common-source) output conductance. 
An amplification factor u for an FET may be defined by 


= _ vps _ _ Avps _ Vde 
n= Ovas 'Ip ~ Aveg |Io ~ Uge lia=0 (10-14) 

We can verify that u, ra, and gm are related by 
BS Tam (10-15) 


by setting 72 = 0 in Eq. (10-11). 
An expression for g,, is obtained by applying the definition of Eq. (10-12) 
to Eq. (10-8). The result is 


V 2 
Jm = Jmo (1 — %) -— "PF (IpssIps)} (10-16) 
where gmo is the value of g», for Ves = 0, and is given by 


_ —2Ipss 
Jmo = Vp (10-17) 


Since Ipss and Vp are of opposite sign, gmo 1s always positive. Note that the 
transconductance varies as the square root of the drain current. The relation- 
ship connecting gmo, Ipss, and Vp has been verified experimentally.’ Since 
Jmo can be measured and Ipss can be read on a de milliammeter placed in the 
drain lead (with zero gate excitation), Eq. (10-17) gives a method for obtain- 
ing Vp. 

The dependence of gm upon V¢s is indicated in Fig. 10-6 for the 2N3277 
FET (with Vp ~ 4.5 V) and the 2N3278 FET (with Vp =~ 7 V). The linear 
relationship predicted by Eq. (10-16) is seen to be only approximately valid. 
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Fig. 10-6 Transconductance g,, versus 


gate voltage for types 2N3277 and 
2N3278 FETs. (Courtesy of Fairchild 
Semiconductor Company.) 


Transconductance g,,, »mhos (uA/V) 
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Temperature Dependence Curves of g,, and ra versus temperature are 
given in Fig. 10-7. The drain current Ips has the same temperature variation 
as does gm. The principal reason for the negative temperature coefficient of 
Ips is that the mobility decreases with increasing temperature.* Since this 
majority-carrier current decreases with temperature (unlike the bipolar tran- 
sistor whose minority-carrier current increases with temperature), the trouble- 
some phenomenon of thermal runaway (Sec. 9-9) is not encountered with 
field-effect transistors. 


The FET Model A circuit which satisfies Eq. (10-11) is indicated in 
Fig. 10-8a. This low-frequency small-signal model has a Norton’s output cir- 
cuit with a dependent current generator whose current is proportional to the 
gate-to-source voltage. The proportionality factor is the transconductance 
gm, which is consistent with the definition of g, in Eq. (10-12). The output 
resistance is rz, which is consistent with the definition in Eq. (10-13). The 
input resistance between gate and source is infinite, since it is assumed that 


Fig. 10-7 Normalized g,, and nor- 
malized rg versus 7'4 (for the 2N3277 
and the 2N3278 FETs with Vos = —10V, 
Ves = 0V, and f = 1 kHz). (Courtesy 
of Fairchild Semiconductor Company.) 
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(a) (b) 


- Fig. 10-8 (a) The low-frequency small-signal FET model. (b) The high-frequency 
~ model, taking node capacitors into account. 


_ the reverse-biased gate takes no current. For the same reason the resistance 
- between gate and drain is assumed to be infinite. 
The FET model of Fig. 10-8a should be compared with the h-parameter 
- model of the bipolar junction transistor of Fig. 8-6. The latter also has a 
‘ Norton’s output circuit, but the current generated depends upon the input 
current, whereas in the FET model the generator current depends upon the 
| input voltage. Note that there is no feedback at low frequencies from output 
_ to input in the FET, whereas such feedback exists in the bipolar transistor 
. through the parameter h,.. Finally, observe that the high (almost infinite) 
input resistance of the FET is replaced by an input resistance of about 1 K 
‘for a CE amplifier. In summary, the field-effect transistor is a much more 
ideal amplifier than the conventional transistor at low frequencies. Unfortu- 
- nately, this is not true beyond the audio range, as we now indicate. 
. The high-frequency model given in Fig. 10-86 is identical with Fig. 10-8a 
except that the capacitances between pairs of nodes have been added. The 
. Capacitor C,, represents the barrier capacitance between gate and source, and 
' Coa is the barrier capacitance between gate and drain. The element C4, 
‘represents the drain-to-source capacitance of the channel. Because of these 
Internal capacitances, feedback exists between the input and output circuits, 
and the voltage amplification drops rapidly as the frequency is increased 
- (Sec. 10-11). The order of magnitudes of the parameters in the model for a 
- diffused-junction FET is given in Table 10-1. 


TABLE 10-1 Range of parameter values for an FET 


Parameter MOSFETt 
Ym 0.1-20 mA/V or more 
Ta 1-50 K 
Ca 0.1-1 pF 
Cos, Coa 1-10 pF 
Tos >10° Q 
Tod >104 2 


{ Discussed in Sec. 10-5. 
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10-5 THE METAL-OXIDE-SEMICONDUCTOR FET (MOSFET) 


In preceding sections we developed the volt-ampere characteristics and small- 
signal properties of the junction field-effect transistor. We now turn our 
attention to the insulated-gate FET, or metal-oxide-semiconductor FET,? 
which is of much greater commercial importance than the junction FET. 

The p-channel MOSFET consists of a lightly doped n-type substrate 
into which two highly doped p* regions are diffused, as shown in Fig. 10-9. 
These p* sections, which will act as the source and drain, are separated by 
about 10 to 20 um. A thin (1,000 to 2,000 A) layer of insulating silicon 
dioxide (SiOz) is grown over the surface of the structure, and holes are cut 
into the oxide layer, allowing contact with the source and drain. Then the 
gate-metal area is overlaid on the oxide, covering the entire channel region. 
Simultaneously, metal contacts are made to the drain and source, as shown in 
Fig. 10-9. The contact to the metal over the channel area is the gate terminal. 
The chip area of a MOSFET is 5 square mils or less, which is only about 
5 percent of that required by a bipolar junction transistor. 

The metal area of the gate, in conjunction with the insulating dielectric 
oxide layer and the semiconductor channel, form a parallel-plate capacitor. 
The insulating layer of silicon dioxide is the reason why this device is called 
the insulated-gate field-effect transistor. This layer results in an extremely 
high input resistance (10! to 10% ®) for the MOSFET. The p-channel 
enhancement MOSFET is the most commonly available field-effect device 
(1972), and its characteristics will now be described. 


The Enhancement MOSFET If we ground the substrate for the structure 
of Fig. 10-9 and apply a negative voltage at the gate, an electric field will be 
directed perpendicularly through the oxide. This field will end on “induced” 
positive charges on the semiconductor site, as shown in Fig. 10-9. The posi- 
tive charges, which are minority carriers in the n-type substrate, form an 
“inversion layer.’’ As the magnitude of the negative voltage on the gate 
increases, the induced positive charge in the semiconductor increases. The 
region beneath the oxide now has p-type carriers, the conductivity increases, 
and current flows from source to drain through the induced channel. Thus 


Source Gate (-) 
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Fig. 10-9 Enhancement in a 
p-channel MOSFET. (Courtesy of 
Motorola Semiconductor Products, 


Induced 
p channel Inc.) 
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16 —20 
Ves, V 


Vos, V 

DS (b) Vv 
} Fig. 10-10 (a) The drain characteristics and (b) the transfer curve (for Vos = 
¥. 10 V) of a p-channel enhancement-type MOSFET. 


7 the drain current is “enhanced” by the negative gate voltage, and such a 
device is called an enhancement-type MOS. 


Threshold Voltage The volt-ampere drain characteristics of a p-channel 
* enhancement-mode MOSFET are given in Fig. 10-10a, and its transfer curve 
, in Fig. 10-10b. The current Ipss at Ves > 0 is very small, of the order of a 
’ few nanoamperes. As Vgs is made negative, the current |p| increases slowly 
‘ at first, and then much more rapidly with an increase in |Ves|. The manu- 
 facturer often indicates the gate-source threshold voltage Vesr, or V7,t at 
' which |Zp| reaches some defined small value, say 10 pA. A current Jp,on 
corresponding approximately to the maximum value given on the drain char- 
' acteristics, and the value of Ves needed to obtain this current are also usually 
. given on the manufacturer’s specification sheets. 

The value of Vr for the p-channel standard MOSFET is typically —4 V, 
. and it is common to use a power-supply voltage of —12 V for the drain supply. 
This large voltage is incompatible with the power-supply voltage of typically 
, 5 V used in bipolar integrated circuits. Thus various manufacturing tech- 
| niques!” have been developed to reduce Vr. In general, a low threshold 


voltage allows (1) the use of a small power-supply voltage, (2) compatible 
operation with bipolar devices, and (3) smaller switching time due to the 
smaller voltage swing during switching. 

Three methods are used to lower the magnitude of Vr. 


1. The high-threshold MOSFET described above uses a silicon crystal 
with (111) orientation. If a erystal is utilized in the (100) direction it is found 
| that a value of Vr results which is about one-half that obtained with (111) 
» orientation. 

. 2. The silicon nitride approach makes use of a layer of SisN, and SiOz, 


+ In this chapter the threshold voltage should not be confused with the volt equivalent 
of temperature V7 of Sec. 2-9. 
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whose dielectric constant is about twice that of SiO. alone. A FET con- 
structed in this manner (designated an MNOS device) decreases Vr to 
approximately 2 V. 

3. Polycrystalline silicon doped with boron is used as the gate electrode 
instead of aluminum. This reduction in the difference in contact potentials 
between the gate electrode and the gate dielectric reduces Vr. Such devices 
are called silicon gate MOS transistors. All three of the fabrication methods 
described above result in a low-threshold device with Vr in the range 1.5 to 
2.5 V, whereas the standard high-threshold MOS has a Vr of approximately 
4to6 V. 


Power Supply Requirements Table 10-2 gives the voltages customarily 
used with high-threshold and low-threshold p-channel MOSFETs. Note that 
Vss refers to the substrate, Vpp to the drain, and Veq to the gate supply 
voltages. The subscript 1 denotes that the source is grounded and the sub- 
script 2 designates that the drain is at ground potential. 

The low-threshold MOS circuits require lower power supply voltages and 
this means less expensive system power supplies. In addition, the input volt- 
age swing for turning the device on and oFF is smaller for the lower-threshold 
voltage, and this means faster operation. Another very desirable feature of 
low-threshold MOS circuits is that they are directly compatible with bipolar 
ICs. They require and produce essentially the same input, and output signal 
swings and the system designer has the flexibility of using MOS and bipolar 
circuits in the same system. 


TABLE 10-2 Power supply voltages for p-channel MOSFETs, in 
volts 


Vssi Vopr Vea Vso Vope Vea 


High-threshold 0 —12 —24 +12 0 —12 
Low-threshold 0 —5 —17 +5 0 —12 


lon Implantation’? The ion-implantation technique demonstrated in 
Fig. 10-11 provides very precise control of doping. Ions of the proper dopant 
such as phosphorus or boron are accelerated to a high energy of up to 300,000 eV 
and are used to bombard the silicon wafer target. The energy of the ions 
determines the depth of penetration into the target. In those areas where 
ion implantation is not desired, an aluminum mask or a thick (12,000 A) 
oxide layer absorbs the ion. Virtually any value of Vr can be obtained using 
ion implantation. In addition, we see from Fig. 10-11 that there is no overlap 
between the gate and drain or gate and source electrodes (compare Fig. 10-11 
with Fig. 10-9). Consequently, due to ion implantation, there is a drastic 
reduction in Cgg and Cys. 
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Fig. 10-11 lon implantation in 
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The Depletion MOSFET A second type of MOSFET can be made if, to 
the basic structure of Fig. 10-9, a channel is diffused between the source and 
the drain, with the same type of impurity as used for the source and drain 
diffusion. Let us now consider such an n-channel structure, shown in Fig. 
10-12a. With this device an appreciable drain current Ipss flows for zero 
gate-to-source voltage Ves = 0. If the gate voltage is made negative, positive 
charges are induced in the channel through the SiOz of the gate capacitor. 
Since the current in an FET is due to majority carriers (electrons for an n-type 
material), the induced positive charges make the channel less conductive, and 
the drain current drops as Ves is made more negative. The redistribution of 
charge in the channel causes an effective depletion of majority carriers, which 
accounts for the designation depletion MOSFET. Note in Fig. 10-126 that, 
because of the voltage drop due to the drain current, the channel region nearest 
the drain is more depleted than is the volume near the source. This phenome- 
non is analogous to that of pinch-off occurring in a JFET at the drain end of 
the channel (Fig. 10-1). As a matter of fact, the volt-ampere characteristics 


. of the depletion-mode MOS and the JFET are quite similar. 


A MOSFET of the depletion type just described may also be operated 


Diffused 
SiO, channel 
Source Gate Aluminum Source Gate (—) SiO, 
) ) ) 


O Drain 


p (substrate) 


p (substrate) 


(a) (5) 


Fig. 10-12 (a) An n-channel depletion-type MOSFET. (b) Channel depletion 
with the application of a negative gate voltage. (Courtesy of Motorola Semi- 
conductor Products, Inc.) 
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Fig. 10-13 (a) The drain characteristics and (b) the transfer curve (for Vos = 
10 V) for an n-channel MOSFET which may be used in either the enhancement or 
the depletion mode. 


in an enhancement mode. It is only necessary to apply a positive gate voltage 
so that negative charges are induced into the n-type channel. In this manner 
the conductivity of the channel increases and the current rises above Ipss. 
The volt-ampere characteristics of this device are indicated in Fig. 10-13a, 
and the transfer curve is given in Fig. 10-13b. The depletion and enhance- 
ment regions, corresponding to Ves negative and positive, respectively, should 
be noted. The manufacturer sometimes indicates the gate-source cutoff voltage 
Ves,orr, at which Ip is reduced to some specified negligible value at a recom- 
mended Vps. This gate voltage corresponds to the pinch-off voltage Vp of a 
JFET. 

The foregoing discussion is applicable in principle also to the p-channel 
MOSFET. For such a device the signs of all currents and voltages in the 
volt-ampere characteristics of Fig. 10-13 must be reversed. 


Comparison of p- with n-Channel FETs The p-channel enhancement 
FET, shown in Fig. 10-9, is very popular in MOS systems because it is much 
easier to produce than the n-channel device. Most of the contaminants in 
MOS fabrication are mobile ions which are positively charged and are trapped 
in the oxide layer between gate and substrate. In an n-channel enhance- 
ment device the gate is normally positive with respect to the substrate and, 
hence, the positively charged contaminants collect along the interface between 
the SiO, and the silicon substrate. The positive charge from this layer of ions 
attracts free electrons in the channel which tends to make the transistor turn 
on prematurely. In p-channel devices the positive contaminant ions are 
pulled to the opposite side of the oxide layer (to the aluminum-SiO, inter- 
face) by the negative gate voltage and there they cannot affect the channel. 

The hole mobility in silicon and at normal field intensities is approxi- 
mately 500 cm?/V-s. On the other hand, electron mobility is about 1,300 
cm?/V-s. Thus the p-channel device will have more than twice the on resis- 
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tance of an equivalent n-channel of the same geometry and under the same 
operating conditions. In other words, the p-channel device must have more 


‘than twice the area of the n-channel device to achieve the same resistance. 


Therefore n-channel MOS circuits can be smaller for the same complexity 


‘than p-channel devices. The higher packing density of the n-channel MOS 


also makes it faster in switching applications due to the smaller junction areas. 
The operating speed is limited primarily by the internal RC time constants, 
and the capacitance is directly proportional to the junction cross sections. 
For all the above reasons it is clear that n-channel MOS circuits are more 
desirable than p-channel circuits. However, the more extensive process con- 
trol needed for n-channel fabrication makes them expensive and unable to 


: compete economically with p-channel devices at this time (1972). 


MOSFET Gate Protection Since the SiO, layer of the gate is extremely 
thin, it may easily be damaged by excessive voltage. An accumulation of 
charge on an open-circuited gate may result in a large enough field to punch 
through the dielectric. To prevent this damage some MOS devices are fabri- 
cated with a Zener diode between gate and substrate. In normal operation 
this diode is open and has no effect upon the circuit. However, if the voltage 
at the gate becomes excessive, then the diode breaks down and the gate 
potential is limited to a maximum value equal to the Zener voltage. 


Circuit Symbols It is possible to bring out the connection to the sub- 
strate externally so as to have a tetrode device. Most MOSFETs, however, 
are triodes, with the substrate internally connected to the source. The circuit 
symbols used by several manufacturers are indicated in Fig. 10-14. Often 
the substrate lead is omitted from the symbol as in (a), and is then under- 


D D D 


Gate Gate Substrate 


Source S S S 
(a) (b) (c) 


Fig. 10-14 Three circuit symbols for a p-channel MOSFET. 
(a) and (b) can be either depletion or enhancement types, 
whereas (c) represents specifically an enhancement device. 
In (a) the substrate is understood to be connected inter- 
nally to the source. For an n-channel MOSFET the direc- 
tion of the arrow is reversed. 
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- Vop 


Driver 


(a) (b) 


Fig. 10-15 (a) MOS inverter (Nort circuit). (b) The voltage truth 
table and Boolean expression. 


stood to be connected to the source internally. For the enhancement-type 
MOSFET of Fig. 10-14c, G, is shown to be internally connected to S. 


Small-signal MOSFET Circuit Model'! If the small resistances of the 
source and drain regions are neglected, the small-signal equivalent circuit of 
the MOSFET between terminals G (= G,), S, and D is identical with that given 
in Fig. 10-8 for the JFET. The transconductance gm and the interelectrode 
capacitances have comparable values for the two types of devices. However, 
as noted in Table 10-1 on page 321, the drain resistance rz of the MOSFET 
is very much smaller than that of the JFET. It should also be noted in 
Table 10-1 that the input resistance r,, and the feedback resistance Toa are 
very much larger for the MOSFET than for the JFET. . 

If the substrate terminal G. is not connected to the source, the model of 
Fig. 10-8 must be generalized as follows: Between node G, and S, a diode D1 
is added to represent the p-n junction between the substrate and the source. 
Similarly, a second diode D2 is included between Gz and D to account for the 
p-n junction formed by the substrate and the drain. 


10-6 DIGITAL MOSFET CIRCUITS!” 


The most common applications of MOS devices are digital, such as logic 
gates (discussed in this section) and registers, or memory arrays (Chap. 17). 
Because of the gate-to-drain and gate-to-source and substrate parasitic capaci- 
tances, MOSFET circuits are slower than corresponding bipolar circuits. 
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However, the lower power dissipation and higher density of fabrication make 
MOS devices attractive and economical for many low-speed applications. 


Inverter MOSFET digital circuits consist entirely of FETs and no other 
devices such as diodes, resistors, or capacitors (except for parasitic capaci- 
tances). For example, consider the MOSFET inverter of Fig.10-15a. Device 
— Q1 is the driver FET, whereas Q2 acts as its load resistance and is called the 
load FET. The nonlinear character of the load is brought into evidence as 
:, follows: Since the gate is tied to the drain, Vese = Vose. The drain charac- 
t teristics of Fig. 10-10 are reproduced in Fig. 10-16a, and the shaded curve 
_ represents the locus of the points Vesz = Vpos2 = Vz. This curve also gives 
Ip2 versus V, (for Ves: = Vpsz), and its slope gives the incremental load con- 
» ductance g, of Q2 asaload. Clearly, the load resistance is nonlinear. Note 
- that Q2 is always conducting, (for |Vps2| > |Vr|), regardless of whether Q1 is 
ON or OFF. 
An analytical expression for the load curve is given by Eq. (10-8) with 
Ves = Vos = Vz and with Vp replaced by the threshold voltage Vesr = Vr. 
2 
Tos = Ipss (1 _ 7) for lVns| > |Vr| (10-18) 
and we see that this is a quadratic, rather than a linear, relationship. From 
Eq.(10-18) we find (Prob. 10-9) that the load conductance is equal to the 
transconductance of the FET, gz = gm. The same result is obtained in 
Sec. 10-7. 
The incremental resistance is not a very useful parameter when consid- 
_ ering large-signal (oN-oFF) digital operation. It is necessary to’ draw the 
load curve (corresponding to a load line with a constant resistance) on the volt- 
ampere characteristics of the driver FET Q1. The load curve is a plot of 


Ip = Ini versus Vos = V, = —Vopp —_ Vi = —20 — V ps2 


_ where we have assumed a 20-V power supply. For a given value of Ip2 = Inu, 
we find Vps2 = Vz from the shaded curve in Fig. 10-16a and then plot the 
locus of the values Ip; versus V. = Vpg; in Fig. 10-16b. For example, from 
Fig. 10-16a for Ip, = 4 mA, we find Vpsz2 = —14 V. Hence Ip; = 4 mA is 
located at Vos: = —20 + 14 = —6 V in Fig. 10-16b. 
We now confirm that the circuit of Fig. 10-15 is an inverter, or NOT circuit. 
. Let us assume negative logic (Sec. 6-1) with the 1, or low state, given by 
V(l) = —Vpp = —20 V and the 0, or high state, given by V(0) = 0. If 
V; = Ves: = —20 V, then from Fig. 10-16b, V, = Von ~ —2 V. Hence, 
V; = V(1) gives V, = V(O). Similarly from Fig. 10-16), if V; = 0 V, then 
Vo = —Vpp — Vr = —17 V for Vr ~ —3 V. Hence, V; = V (0) gives 
V. = V(1), thus confirming the truth table of Fig. 10-150. 

We shall simplify the remainder of the discussion in this section by assum- 
ing that |Von| and |Vz| are small compared with |Vpp| and shall take Von = 0 
and Vr = 0. Hence, to a first approximation the load FET may be con- 
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(a) (6) 


Fig. 10-16 (a) Q2 acts as a load Jp» versus Vi = Vos for the driver Ql. (b) 
The load curve Jp; versus Vp = Vos). 


sidered to be a constant resistance R, and may be represented by a load line 
passing through Ip = 0, Vos = —Vpp and Ip = I, Vos = 0, where J is the 
drain current for Vps = Ves = —Vpp. In other words, R, = —Vopp/T. 
Most MOSFETs are p-channel enhancement-type devices, and negative logic 
is used with V(0) = 0 and V(1) = —Vopp. 


NAND Gate The operation of the negative NAND gate of Fig. 10-17 
can be understood if we realize that if either input V; or V2 is at 0 V (the 0 
state), the corresponding FET is orr and the current is zero. Hence the 
voltage drop across the load FET is zero and the output V, = —Vopp (the 
1 state). If both Vi and Vz are in the 1 state (Vi = Ve = —Vpp), then 
both Q1 and Q2 are on and the output is 0 V, or at the O state. These values 
are in agreement with the voltage truth table of Fig. 10-17b. If 1 is sub- 
stituted for —Vpp in Fig. 10-17), then this logic agrees with the truth table 
for a NAND gate, given in Fig. 6-18. We note that only during one of the 
four possible input states is power delivered by the power supply. 


NoR Gate The circuit of Fig. 10-18a is a negative NoR gate. When 
either one of the two inputs (or both) is at — Vpp, the corresponding FET is.on 
and the output is at0 V. If both inputs are at 0 V, both transistors Q1 and 
Q2 are orF and the output is at —Vpp. These values agree with the truth 
table of Fig. 10-18b. Note that power is drawn from the supply during three 
of the four possible input states. Because of the high density of MOS devices 
on the same chip, it is important to minimize power consumption in LSI 
MOSFET systems (Sec. 17-17). 

The circuit of Fig. 10-17 may be considered to be a positive NoR gate, and 
that of Fig. 10-18 to be a positive NAND gate (Sec. 6-9). These MOSFET 
circuits are examples of direct-coupled transistor logic (DCTL), mentioned 
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Y = AB 

(5) 
Fig. 10-17 (a) MOSFET (negative) nano gate and (b) voltage truth 
table and Boolean expression. (Remember that 0 V is the zero state 
and —Vpp is the 1 state.) 


“in Sec. 6-14. However, MOSFET DCTL circuits have none of the disad- 
' vantages (such as base-current “hogging’’) of bipolar DCTL gates. A FLIP- 
. FLop constructed from MOSFETs is indicated in Prob. 10-11. An AND (oR) 
, gate is obtained by cascading a NAND (Nor) gate with a Nor gate. Typically, 
fa three-input NAND gate uses about 16 mils? of chip area, whereas a single 
. bipolar junction transistor may need about five times this area. 


_ Fig. 10-18 (a) MOSFET (negative) Nor gate and (b) voltage truth table and 
. Boolean equation. 
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Fig. 10-19 (a) Complementary MOS inverter. (b) Cross section of comple- 
mentary MOSFETS. Note that the p-type well is diffused into the n-type sub- 
strate and that the n-channel MOS Q2 is formed in this region. 


Complementary MOS (CMOS)!? It is possible to reduce the power dis- 
sipation to very small (50 nW) levels by using complementary p-channel and 
n-channel enhancement MOS devices on the same chip. The basic comple- 
mentary MOS inverter circuit is shown in Fig. 10-19. Transistor Q1 is the 
p-channel unit, and transistor Q2 is n-channel. The two devices are in series, 
with their drains tied together and their gates also connected together. The 
logic swing gate voltage V; varies from 0 V to the power supply -Vpp. When 
Vi; = —Vop (logic 1) transistor Q1 is turned on (but draws no appreciable 
steady-state current) and Q2 is turned orr, the output V, is then at 0 V 
(logic 0), and inversion has been accomplished. When zero voltage (logic 0) 
is applied ‘at the input, the n-channel Q2 is turned on (at no steady-state cur- 
rent) and Q1 is turned orr. Thus the output is at —Vopp (logic 1). In 
either logic state, Q1 or Q2 is orr and the quiescent power dissipation for this 
simple inverter is the product of the orF leakage current and — V pp. 

More complicated digital CMOS circuits (NAND, Nor, and FLIP-FLOPS) can 
be formed by combining simple inverter circuits (Probs. 10-13 and 10-14). 

The remainder of the chapter considers the FET under small-signal opera- 
tion. We first discuss low-frequency gain, then methods of biasing the device 
in the linear range, and finally the high-frequency limitations of the FET. 


10-7 THE LOW-FREQUENCY COMMON-SOURCE 
AND COMMON-DRAIN AMPLIFIERS 


The common-source (CS) stage is indicated in Fig. 10-20a, and the common- 
drain (CD) configuration in Fig. 10-20b. The former is analogous to the 
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—Vpp —Vpp 


Fig. 10-20 (a) The CS and 
(b) the CD configurations. 


(a) (db) 


bipolar transistor CE amplifier, and the latter to the CC stage. We shall 
analyze both of these circuits simultaneously by considering the generalized 
configuration in Fig. 10-21a. For the CS stage the output is v1 taken at the 
drain and R, = 0. For the CD stage the output is v2 taken at the source and 
Ra = 0. The signal-source resistance is unimportant since it is in series with 
the gate, which draws negligible current. No biasing arrangements are indi- 
cated (Sec. 10-8), but it is assumed that the stage is properly biased for linear 
operation. 

Replacing the FET by its low-frequency small-signal model of Fig. 10-8, 
the equivalent circuit of Fig. 10-21b is obtained. Applying KVL to the output 
circuit yields 


taRa + (tg _ Ym ga) Ta + wR, = 0 (10-19) 


(b) 


Fig. 10-21 (a) A generalized FET amplifier configuration. (b) The small- 
signal equivalent circuit. 
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From Fig. 10-216 the voltage from G to S is given by 
Ve = 0; — aR, (10-20) 


Combining Eqs. (10-19) and (10-20) and remembering that u = ragm [Eq. 
(10-15)], we find 


MD; 
rat Rat wt DR, 


la = 


(10-21) 


The CS Amplifier with an Unbypassed Source Resistance Since 
Vo, = —igRa, then 


_ —pv;Ra 
tat Rat w+ dR, 


From Eq. (10-22) we obtain the Thévenin’s equivalent circuit of Fig. 10-22a 
“looking into” the drain node (to ground). The open-circuit voltage is 
—yv;, and the output resistance is R, = ra + (u + 1)R,. The voltage gain is 
Ay = %1/v;. The minus sign in Eq. (10-22) indicates that the output is 180° 
out of phase with the input. If R, is bypassed with a large capacitance or 
if the source is grounded, the above equations are valid with R, = 0. Under 
these circumstances, 


Vor (10-22) 


_ Yo1 _ —pRa —_ _ , _ 
Ay = % tak Ri ImkG (10-23) 


where » = ragm [Eq. (10-15)] and Ry = Rallra. 


The CD Amplifier with a Drain Resistance Since v,2 = igR,, then from 
Eq. (10-21) 


vo = uh, _ (uv: / (um + 1)jR, 
erat Rat (tDR, (rat RO/UtD +R, 


(10-24) 


(a) (b) 
Fig. 10-22 The equivalent circuits for the generalized amplifier of Fig. 10-21 


“looking into’’ (a) the drain and (b) the source. Note that uw = ragm. 
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From Eq. (10-24) we obtain the Thévenin’s equivalent circuit of Fig. 10-22b 
“looking into” the source node (to ground). The open-circuit voltage is 
pv:/(u + 1), and the output resistance is R, = (rg + Ra)/(u + 1). The volt- 
age gain is Ay = 0,2/v;. Note that there is no phase shift between input and 
output. If Rz = 0 and if (@t+1)R.> 1a, then Ay ~ u/(u +1) = 1 for 
p>. A voltage gain of unity means that the output (at the source) follows 
the input (at the gate). Hence the CD configuration is called a source follower 
(analogous to the emitter follower for a bipolar junction transistor). 

Note that the open-circuit voltage and the output impedance in either 
Fig. 10-22a or b are independent of the load (R, in Fig. 10-22a and R, in Fig. 
10-226). These restrictions must be satisfied if the networks in Fig. 10-22 
are to represent the true Thévenin equivalents of the amplifier in Fig. 10-21. 

For the source follower (Ra = 0) with » > 1, the output conductance is 


(10-25) 


which agrees with the result obtained in Sec. 10-6 for the conductance looking 
into the source of a MOSFET with the gate at a constant voltage. In the 
discussion of diffused resistors in Sec. 7-8, it is indicated that 30 K is about the 
maximum resistance that can be fabricated. Larger values may be obtained 
by using the MOS structure as a load with gate connected to drain and tied 
to a fixed voltage such as Q2 in Fig. 10-15. By using a low g, FET, a high 
value of effective resistance is obtained. For example, for gn = 10 nA/V, we 
‘obtain R, = 1/gm = 100 K. Thisvalue of effective resistance requires approx- 
imately 5 mil? of chip area compared with 300 mil? to yield a diffused 20-K 
resistance. 


10-8 BIASING THE FET 


The selection of an appropriate operating point (Ip, Ves, Vos) for an FET 
amplifier stage is determined by considerations similar to those given to 
transistors, as discussed in Chap. 9. These considerations are output-voltage 
‘swing, distortion, power dissipation, voltage gain, and drift of drain current. 
In most cases it is not possible to satisfy all desired specifications simulta- 
neously. In this section we examine several biasing circuits for field-effect 
devices. 


Source Self-bias The configuration shown in Fig. 10-23 can be used to 
bias junction FET devices or depletion-mode MOS transistors. For a specified 
drain current Jp, the corresponding gate-to-source voltage Ves can be obtained 
applying either Eq. (10-8) or the plotted drain or transfer characteristics. 
Since the gate current (and, hence, the voltage drop across R,) is negligible, 
the source resistance R, can be found as the ratio of Ves to the desired Ip. 
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oVpp 


Fig. 10-23 Source self-bias circuit. 


EXAMPLE The amplifier of Fig. 10-23 utilizes an n-channel FET for which 
Vp = —2.0 V and Inss = 1.65 mA. It is desired to bias the circuit at Ip = 
0.8 mA, using Vpp = 24 V. Assume rg>> Ry. Find (a) Ves, (6) gm, (c) Rs, 
(d) Ra, such that the voltage gain is at least 20 dB, with R, bypassed with a very 
large capacitance C,. 

Solution a. Using Eq. (10-8), we have 0.8 = 1.65(1 + Ves/2.0)2. Solving, 
Ves = —0.62 V. 


b. Equation (10-17) now yields 


_ 2lpss _ (2)(1.65) 
Vp 2 


and from Eq. (10-16): 


Jmo = = 1.65 mA/V 


c. R, = — Ves 98 _ oa Ke _ a0 9 
Ip 0.8 
d. Since 20 dB corresponds to a voltage gain of 10, then from Eq. (10-23), 
with rg >> Ra, [Av| = gmla > 10, or Rg > 10/1.14 = 8.76 K. 


a 


Biasing against Device Variation FET manufacturers usually supply 
information on the maximum and minimum values of I pss and Vp at room 
temperature. They also supply data to correct these quantities for tempera- 
ture variations. The transfer characteristics for a given type of n-channel 
FET may appear as in Fig. 10-24a, where the top and bottom curves are for 
extreme values of temperature and device variation. Assume that, on the 
basis of considerations previously discussed, it is necessary to bias the device at 
a drain current which will not drift outside of I p = I4 and Ip = Ig. Then 
the bias line Veg = — IpR, must intersect the transfer characteristics between 
the points A and B, as indicated in Fig. 10-24a. The slope of the bias line 
is determined by the source resistance R,. For any transfer characteristic 
between the two extremes indicated, the current Ig is such that I, < I qa < Iz, 
as desired. 
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DSS , max 


Ip Bias line Bias line 


SS, min 


(+)~< 0-(-) V,, , min V,,max Ves Veg (+)~—0—+(-) Ves 
(a) (b) 


Fig. 10-24 Maximum and minimum transfer curves for an n-channel FET. The 
drain current must lie between J4 and Iz. The bias line can be drawn through the 
origin for the current limits indicated in (a), but this is not possible for the currents 
specified in (b). 


Consider the situation indicated in Fig. 10-24b, where a line drawn to pass 
between points A and B does not pass through the origin. This bias line 
satisfies the equation 


Vas = Vee — InR, (10-26) 


_ Such a bias relationship may be obtained by adding a fixed bias to the gate 
' in addition to the source self-bias, as indicated in Fig. 10-25a. A circuit 


(5) 


Fig. 10-25 (a) Biasing an FET with a fixed-bias Vae in addition to 
self-bias through R,. (b) A single power-supply configuration 
which is equivalent to the circuit in (a). 
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Fig. 10-26 Extreme trans- 
fer curves for the 2N3684 
field-effect transistor. 
(Courtesy of Union Car- 
bide Corporation.) 


requiring only one power supply and which can satisfy Eq. (10-26) is shown 
in Fig. 10-25b. For this circuit 


_ RiVon pp _ Ris 
Rit R, “8” Rit Rs 


We have assumed that the gate current is negligible. It is also possible for 
Vag to fall in the reverse-biased region so that the line in Fig. 10-24) intersects 
the axis of abscissa to the right of the origin. Under these circumstances 
two separate supply voltages must be used. 


Vaa 


EXAMPLE FET 2N3684 is used in the circuit of Fig. 10-25b. For this n-chan- 
nel device the manufacturer specifies Vp, min = —2 V, Ve,max = —9 V,Ipss.min = 
1.6 mA, and Ipgs,max = 7.05 mA. The extreme transfer curves are plotted in 
Fig. 10-26. It is desired to bias the circuit so that Ip.min = 0.8 mA = I, and 
Tp,max = 1.2mA = Ig for Von = 24 V. Find (a) Vee and R,, and (b) the range 
of possible values in Ip if R, = 3.3 K and Veg = 0. 


Solution a. The bias line will lie between A and B, as indicated, if it is drawn to 
pass through the two points Ves = 0, Ip = 0.9 mA, and Ves = —4 V, Ip = 
1.4mA. The slope of this line determines R,, or 


4-0 


Then, from the first point and Eq. (10-26), we find 
Vee = IpR, = (0.9)(20) = 18 V 
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-—Vop - Vopp 


Fig. 10-27 (a) Drain-to- 
gate bias circuit for en- 
hancement-mode MOS 
transistors; (b) improved 


Ra 


version of (a). 


(a) (b) 


b. If R, = 3.3 K, we see from the curves that Jp,mi, = 0.4 mA and Jp... = 
1.2mA. The minimum current is far below the specified value of 0.8 mA. 


Biasing the Enhancement MOSFET The self-bias technique of Fig. 10-23 
cannot be used to establish an operating point for the enhancement-type 
MOSFET because the voltage drop across R, is in a direction to reverse-bias 
the gate, and a forward gate bias is required. The circuit of Fig. 10-27a can 
be used, and for this case we have Ves = Vps, since no current flows through 
R;. If for reasons of linearity in device operation or maximum output voltage 
it is desired that Ves * Vos, then the circuit of Fig. 10-276 is suitable. We 
note that Ves = [Ri/(Ri + Rs)]Vns. Both circuits discussed here offer the 
advantages of de stabilization through the feedback introduced with Ry. 
However, the input impedance is reduced because, by Miller’s theorem (Sec. 
8-11), Ry corresponds to an equivalent resistance R; = R;/(1 — Av) shunting 
the amplifier input. 

Finally, note that the circuit of Fig. 10-25b is often used with the enhance- 
ment MOSFET. The de stability introduced in Fig. 10-27 through the feed- 
back resistor R; is then missing, and is replaced by the de feedback through R,. 


10-9 THE FET AS A VOLTAGE-VARIABLE RESISTOR?!® (VVR) 


In most linear applications of field-effect transistors the device is operated 
in the constant-current portion of its output characteristics. We now consider 
FET transistor operation in the region before pinch-off, where Vps is small. 
In this region the FET is useful as a voltage-controlled resistor; i.e., the drain- 
to-source resistance is controlled by the bias voltage Ves. In such an applica- 
tion the FET is also referred to as a voltage-variable resistor (VVR), or voltage- 
dependent resistor (VDR). 

Figure 10-28a shows the low-level bidirectional characteristics of an FET. 
The slope of these characteristics gives rg as afunction of Ves. Figure 10-28a 
has been extended into the third quadrant to give an idea of device linearity 
around Vps = 0. 
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In our treatment of the junction FET characteristics in Sec. 19-3, we 
derive Eq. (10-5), which gives the drain-to-source conductance gz = Ip/Vps 
for small values of Vps. From this equation we have 


Ves\t 
mmole (2) “on 


where gao is the value of the drain conductance when the bias is zero. Varia- 
tion of ra with Ves is plotted in Fig. 10-285 for the 2N3277 and 2N3278 
FETs. The variation of rz with Ves can be closely approximated by the 
empirical expression 

To 


va = 1 — KVes (10-28) 


where r, = drain resistance at zero gate bias 
K = a constant, dependent upon FET type 
Ves = gate-to-source voltage 


il 


Applications of the VVR_ Since the FET operated as described above 
acts like a variable passive resistor, it finds applications in many areas where 
this property is useful. The VVR, for example, can be used to vary the voltage 
gain of a multistage amplifier A as the signal level is increased. This action 
is called automatic gain control (AGC). A typical arrangement is shown in 
Fig. 10-29. The signal is taken at a high-level point, rectified, and filtered to 
produce a de voltage proportional to the output-signal level. This voltage 
is applied to the gate of Q2, thus causing the ac resistance between the drain 
and source to change, as shown in Fig. 10-28. We thus may cause the gain 
of transistor Q1 to decrease as the output-signal level increases. The de bias 


In, HA 


0.3 02 01 0 
-0.1 ~0.2-0.3 Vps,V 


(a) (d) 


Fig. 10-28 (a) FET low-level drain characteristics for 2N3278. 
(b) Small-signal FET resistance variation with applied gate voltage. 
(Courtesy of Fairchild Semiconductor Company.) 
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0 Vey 


Fig. 10-29 AGC amplifier 
using the FET as a voltage- o— 
variable resistor. 


conditions of Q1 are not affected by Q2 since Q2 is isolated from Q1 by means 
of capacitor C2. 


10-10 THE COMMON-SOURCE AMPLIFIER AT HIGH FREQUENCIES 


The circuits discussed in this and the following section apply equally well to 
either JFETs or MOSFETs (except for the method of biasing). The low- 
frequency analysis of Sec. 10-8 is now modified to take into account the effect 
of the internal node capacitances. 


Voltage Gain The circuit of Fig. 10-30a is the basic CS amplifier con- 
' figuration. If the FET is replaced by the circuit model of Fig. 10-8b, we 
P obtain the network in Fig. 10-30b. The output voltage V. between D and S 
| is easily found with the aid of the theorem of Sec. 8-7, namely, V, = IZ, where 
Tis the short-circuit current and Z is the impedance seen between the terminals. 


(a) (6) 


Fig. 10-30 (a) The common-source amplifier circuit; (b) small-signal 
equivalent circuit at high frequencies. (The biasing network is not 
indicated.) 
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To find Z, the independent generator V; is (imagined) short-circuited, s#that 
V; = 0, and hence there is no current in the dependent generator gnV;. We 
then note that Z is the parallel combination of the impedances corresponding 
to Z1, Cas, ra, and Cyg. Hence 


1 
Y= a= ¥it Yat get You (10-29) 


where Y; = 1/Z, = admittance corresponding to Z, 
Ya. = jwCa, = admittance corresponding to Cz, 
ga = 1/ra = conductance corresponding to rq 
Ya = jwCyg = admittance corresponding to C4 
The current in the direction from D to Sina zero-resistance wire connect- 
ing the output terminals is 


T= —gnViit Vi oa (10-30) 
The amplification Ay with the load Z x in place is given by 
Ve. IZ 
Ay = V; = V; = VY (10-31) 
or from Eqs. (10-29) and (10-30) 
Ay 79m + Yea (10-32) 


~ Ye + Yaa + ga + Vou 
At low frequencies the FET capacitances can be neglected and hence 
Yas = Yoa = 0 
Under these conditions Eq. (10-32) reduces to 


—Jm —QmTaZ 1 ! 

Ay = = = ~gnZ 10-33 

"" ¥i+ge tat Zi Gm ( ) 

where Z, = Zz||ra. This equation agrees with Eq. (10-23), with Z, replaced 
by Ra. 


Input Admittance An inspection of Fig. 10-300 reveals that the gate cir- 
cuit is not isolated from the drain circuit, but rather that they are connected 
by Coa. From Miller’s theorem (Sec. 8-11), this admittance may be replaced 
by Y,a(1 — K) between G and S, and by Y,4(1 — 1/K) between D and S, where 
K = Ay. Hence the input admittance is given by 


¥;= Yy+ (1 — Av) ¥ oa (10-34) 


This expression indicates that for an FET to possess negligible input admit- 
tance over a wide range of frequencies, the gate-source and gate-drain capaci- 
tances must be negligible. 


Input Capacitance (Miller Effect) Consider an FET with a drain-circuit 
resistance Rg. From the previous discussion it follows that within the audio- 
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frequency range, the gain is given by the simple expressior™Ay = —gmRj, 
where Rj, is Ral|ra. In this case, Eq. (10-34) becomes 

Y; , 

Fe = C; = Cu + (lL + gmRG)Coa (10-35) 


This increase in input capacitance C; over the capacitance from gate to source 
is called the Muller effect. 

This input capacitance is important in the operation of cascaded ampli- 
fiers. In such a system the output from one stage is used as the input to a 
second amplifier. Hence:the input impedance of the second stage acts as a 
shunt across the output of the first stage and R, is shunted by the capacitance 
C;. Since the reactance of a capacitor, decreases with increasing frequencies, 
the resultant output impedance of the first stage will be correspondingly low 
for the high frequencies. This will result in a decreasing gain at the higher 
frequencies. 


EXAMPLE A MOSFET has a drain-circuit resistance Ra of 100 K and operates 
at 20 kHz. Calculate the voltage gain of this device as a single stage, and then 
as the first transistor in a cascaded amplifier consisting of two identical stages. 
The MOSFET parameters are gm = 1.6 mA/V, ra = 44 K, C,, = 3.0 pF, Ca, = 
1.0 pF, and Cya = 2.8 pF. 
Solution 
Y,, = jwCy, = j2m X 2 X 104 X 3.0 X 107? = 73.76 X 10°75 
Yar = jwCa, = 71.26 X 1078 
Yoga = jwCga = 73.52 X 10778 
Ja = —_ 2.27 X 107° U 
Ta 
1 
Y,=—=10°S 
d Ri 
gn = 1.60 K 107° U 
The gain of a one-stage amplifier is given by Eq. (10-32): 
Ay = —9m + Voa _ 71.60 X 1073 + 73.52 & 1077 
gat Yat Yat YVoa 3.27 X 107% + 74.78 X 1077 


It is seen that the 7 terms (arising from the interelectrode capacitances) are 

negligible in comparison with the real terms. If these are neglected, then Ay = 

—48.8. This value can be checked by using Eq. (10-23), which neglects inter- 

electrode capacitances. Thus 

_ —HRa _ —70 X 100 

Ratra 100 + 44 

Since the gain is a real number, the input impedance consists of a capacitor 

whose value is given by Eq. (10-35): 


Ci = Cys + (1 + gmRa)C oa = 3.0 + (1 + 49) (1.0) = 53 pF 


Ay = —48.6 = —gnR; 
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Consider now a two-stage amplifier, each stage consisting of an rer operating 
as above. The gain of the second stage is that just calculated. However, in 
calculating the gain of the first stage, it must be remembered that the input 
impedance of the second sfage acts as a shunt on the output of the first stage. Thus 
the drain load now consists of a 100-K resistance in parallel with 53 pF. To this 
must be added the capacitance from drain to source of the first stage since this 
is also in shunt with the drain load. Furthermore, any stray capacitances due to 
wiring should be taken into account. For example, for every 1-pF capacitance 
between the leads going to the drain and gate of the second stage, 50 pF is effec- 
tively added across the load resistor of the first stage! This clearly indicates the 
importance of making connections with very short direct leads in high-frequency 
amplifiers. Let it be assumed that the input capacitance, taking into account 
the various factors just discussed, is 200 pF. Then the load admittance is 


1 
Yi, = R, + jwC; = 107§ + j2r K 2X 104 K 200 x 10-2 
d 


= 107° + 72.52 x 10-59 
The gain is given by Eq. (10-33): 


Gm —1.6 X 10-3 
ga+¥, 2.27 X 10-5 + 10-8 + 72.52 x 10-5 


= —30.7 + 523.7 = 38.8/143.3° 


Thus the effect of the capacitances has been to reduce the magnitude of the 
amplification from 48.8 to 38.8 and to change the phase angle between the output 
and input from 180 to 143.3°. 

If the frequency were higher, the gain would be reduced still further. For 
example, this circuit would be useless as a video amplifier, say, to a few megahertz, 
since the gain would then be less than unity. This variation of gain with fre- 
quency is called frequency distortion. Cascaded amplifiers and frequency dis- 
tortion are discussed in detail in Chap. 12. 


Kee 


Output Admittance For the common-source amplifier of Fig. 10-30 the 
output impedance is obtained by “looking into the drain” with the input 
voltage set equal to zero. If V; = 0 in Vig. 10-306, we see rq, Cas, and Ca in 
parallel. Hence the output admittance with Z, considered external to the 
amplifier is given by 


Yo = gat Ya t+ VY oa (10-36) 


Ay = 


10-11 THE COMMON-DRAIN AMPLIFIER AT HIGH FREQUENCIES 


The source-follower configuration is given in Fig. 10-20b, with R, = 0, and 
is repeated in Fig. 10-3la. Its equivalent circuit with the FET replaced by 
its high-frequency model of F ig. 10-8b is shown in Fig. 10-310. 
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Fig. 10-31 (a) The source-follower; (b) small-signal high-frequency equiva- 
lent circuit. (The biasing network is not indicated.) 


Voltage Gain The output voltage V, can be found from the product of 
the short-circuit current and the impedance between terminals S and N. We 
now find for the voltage gain 

Ay = CE + jwCe) Re 
1+ (Gm + ga + jwCr)R, 
Cr = Cg + Cas + Con (10-38) 


where C.n represents the capacitance from source to ground. At low fre- 
quencies the gain reduces to 


Ay © Inks 

1+ (gm + ga) Rs 
Note that the amplification is positive and has a value less than unity. If 
gmlt, >> 1, then Ay ~ gm/(Gm + ga) = uw/(u + 1). 


(10-37) 


(10-39) 


Input Admittance The source follower offers the important advantage of 
lower input capacitance than the CS amplifier. The input admittance Y; is 
obtained by applying Miller’s theorem to C,,. We find 

Y; = jwCya + JoCy(l — Av) = jwC ga (10-40) 


because Ay = 1. 


Output Admittance The output admittance Y., with R, considered 
external to the amplifier, is given by 
Y, = Ym + Ja + joCr (10-41) 
where Cr is given by Eq. (10-38). At low frequencies the output resistance 
R, is 
-_! Jt 
9m + Jt = Ym 
since gm >> ga. For gm = 2 mA/V, then R, = 500 Q. 


R. (10-42) 
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The source follower is used for the same applications as the emitter 


follower, those requiring high input impedance and low output impedaftte. 


(0) 
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REVIEW QUESTIONS 


10-1 (a) Sketch the basic structure of an n-channel junction field-effect transistor. 
Show the circuit symbol for the JFET. 
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10-2. (a) Draw a family of CS drain characteristics of an n-channel JFET. 
(6) Explain the shape of these curves qualitatively. 

10-3 How does the FET behave (a) for small values of |Vns|? (6) For large 
[Vos|? 

10-4 (a) Define the pinch-off voltage Vp. (b) Sketch the depletion region before 
and after pinch-off. 

10-5 Sketch the geometry of a JFET in integrated form. 

10-6 (a) How does the drain current vary with gate voltage in the saturation 
region? (b) How does the transconductance vary with drain current? 

10-7 Define (a) transconductance gm, (b) drain resistance ra, and (c) amplification 
factor uw of an FET. 
10-8 Give the order of magnitude of gn, rz, and wu for a MOSFET. 
10-9 Show the small-signal model of an FET (a) at low frequencies and (6) at 
high frequencies. 

10-10 (a) Sketch the cross section of a p-channel enhancement MOSFET. 
(b) Show two circuit symbols for this MOSFET. 

10-11 For the MOSFET in Rev. 10-10 draw (a) the drain characteristics and 
(b) the transfer curve. 

10-12 Repeat Rev. 10-10 for an n-channel depletion MOSFET. 

10-13 (a) Draw the circuit of a MOSFET not circuit. (6) Explain how it func- 
tions as an inverter. 
10-14 (a) Explain how a MOSFET is used as a load. (6) Obtain the volt- 
ampere characteristic of this load graphically. 
10-15 Sketch a two-input NAND gate and verify that it satisfies the Boolean NAND 
equation. 
10-16 Repeat Rev. 10-15 for a two-input Nor gate. 
10-17. Sketch a CMOS inverter and explain its operation. 
10-18 (a) Draw the circuit of an FET amplifier with a source resistance R, and 
a drain resistance Ry. (b) What is the Thévenin’s equivalent circuit looking into the 
drain at low frequencies? 

10-19 Repeat Rev. 10-18 looking into the source. 

10-20 (a) Sketch the circuit of a source-follower. At low frequencies what is 
_ (b) the maximum value of the voltage gain? (c) The order of magnitude of the out- 
~ put impedance? 
10-21 (a) Sketch the circuit of a CS amplifier. (b) Derive the expression for 
the voltage gain at low frequencies. (c) What is the maximum value of Ay? 

10-22 (a) Draw two biasing circuits for a JFET or a depletion-type MOSFET. 
(b) Explain under what circumstances each of these two arrangements should be used. 

10-23 Draw two biasing circuits for an enhancement-type MOSFET. 

10-24 (a) How is an FET used as a voltage-variable resistance? (b) Explain. 

10-25 (a) Sketch the small-signal high-frequency circuit of a CS amplifier. 
(b) Derive the expression for the voltage gain. 

10-26 (a) From the circuit of Rev. 10-25, derive the input admittance. (0) 
What is the expression for the input capacitance in the audio range? 
10-27. What specific capacitance has the greatest effect on the high-frequency 
response of a cascade of FET amplifiers? Explain. 
10-28 Repeat Rev. 10-25 for a source-follower circuit. 
10-29 Repeat Rev. 10-26 for a CD amplifier. 


INTEGRATED CIRCUITS AS 
ANALOG SYSTEM BUILDING — | 
BLOCKS 


Many analog systems (both linear and nonlinear) are constructed with 
the OP AMP or DIFF AMP as the basic building block. These IC’s aug- 
mented by a few external discrete components, either singly or in com- 
bination, are used in the following linear systems: analog computers, 
voltage-to-current and current-to-voltage converters, amplifiers of 
various types (for example, de instrumentation, tuned, and video 
amplifiers), voltage followers, active filters, and delay equalizers. 

Among the nonlinear analog system configurations discussed in 
this chapter are the following: amplitude modulators, logarithmic 
amplifiers and analog multipliers, sample-and-hold circuits, compa- 
rators, and square-wave and triangle-waveform generators. 


Il. LINEAR ANALOG SYSTEMS 
16-1 BASIC OPERATIONAL AMPLIFIER APPLICATIONS! 


An oP AMP may be used to perform many mathematical operations. 
This feature accounts for the name operational amplifier. Some of the 
basic applications are given in this section. Consider the ideal op AMP 
of Fig. 15-2a, which is repeated for convenience in Fig. 16-1la. Recall- 
ing (Sec. 15-1) that the equivalent circuit of Fig. 16-1b has a virtual 
ground (which takes no current), it follows that the voltage gain is 
given by 


Ayr | 7 (16-1) 


Based upon this equation we can readily obtain an analog inverter, a 
scale changer, a phase shifter, and an adder. 


537 
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Z 
I Inverting terminal 


Noninverting terminal 


(a) (b) 


Fig. 16-1 (a) Inverting operational amplifier with voltage-shunt feedback. 
(b) Virtual ground in the op amp. 


Sign Changer, or Inverter If Z = Z’ in Fig. 16-1, then Ay; = —1, and 
the sign of the input signal has been changed. Hence such a circuit acts 
as a phase inverter. If two such amplifiers are connected in cascade, the 
output from the second stage equals the signal input without change of sign. 
Hence the outputs from the two stages are equal in magnitude but opposite 
in phase, and such a system is an excellent paraphase amplifier. 


Scale Changer If the ratio Z’/Z = k, a real constant, then Ay; = —k, 
and the scale has been multiplied by a factor —k. Usually, in such a case of 
multiplication by a constant, —1 or —k, Z and Z’ are selected as precision 
resistors. 


Phase Shifter Assume that Z and Z’ are equal in magnitude but differ in 
angle. Then the operational amplifier shifts the phase of a sinusoidal input 
voltage while at the same time preserving its amplitude. Any phase shift 
from 0 to 360° (or + 180°) may be obtained. 


Adder, or Summing Amplifier The arrangement of Fig. 16-2 may be used 
to obtain an output which is a linear combination of a number of input signals. 
Since a virtual ground exists at the op amp input, then 


is Lo tee Un 
‘=R +R, t TR 
and 
. (RR Rt 
».= —Ri= (Fat Fn + +7) (16-2a) 
If R, = R, = sof = R,, then 
» = ~F +0 + by) (16-2b) 


and the output is proportional to the sum of the inputs. 
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Fig. 16-2 Operational adder, or sum- 
ming amplifier. 


Many other methods may, of course, be used to combine signals. The 
present method has the advantage that it may be extended to a very large 
number of inputs requiring only one additional resistor for each additional 
input. The result depends, in the limiting case of large amplifier gain, only 
on the resistors involved, and because of the virtual ground, there is a minimum 
of interaction between input sources. 


Voltage-to-current Converter Often it is desirable to convert a voltage 
signal to a proportional output current. This is required, for example, when 
we drive a deflection coil in a television tube. If the load impedance has 
neither side grounded (if it is floating), the simple circuit of Fig. 16-2 with R’ 
replaced by the load impedance Z, is an excellent voltage-to-current converter. 
For a single input v; = »,(f), the current in Zz is 


in = mld) 


(16-3) 


Note that 7 is independent of the load Z,, because of the virtual ground of the 
operational amplifier input. Since the same current flows through the signal 
source and the load, it is important that the signal source be capable of provid- 
ing this load current. On the other hand, the amplifier of Fig. 16-3a requires 


Fig. 16-3 Voltage-to-current converter for (a) a floating load 
and (b) a grounded load Zz. 
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Fig. 16-4 Current-to-voltage converter. 


very little current from the signal source due to the very large input resistance 
seen by the noninverting terminal. 

If the load Zz, is grounded, the circuit of Fig. 16-3b can be used. In 
Prob. 16-7 we show that if R3/R, = R’/R,, then 


v,(t) 


a(t) = — 7 (16-4) 


Current-to-voltage Converter Photocells and photomultiplier tubes give 
an output current which is independent of the load. The circuit in Fig. 16-4 
shows an operational amplifier used as a current-to-voltage converter. Due 
to the virtual ground at the amplifier input, the current in R, is zero and 
7% flows through the feedback resistor R’. Thus the output voltage v, is 
v» = —1,R’. It must be pointed out that the lower limit on current measure- 
ment with this circuit is set by the bias current of the inverting input. It is 
common to parallel R’ with a capacitance C’ to reduce high-frequency noise. 


DC Voltage Follower The simple configuration of Fig. 16-5 approaches 
the ideal voltage follower. Because the two inputs are tied together (virtually), 
then V, = V, and the output follows the input. The LM 102 (National Semi- 
conductor Corporation) is specifically designed for voltage-follower usage and 
has very high input resistance (10,000 M), very low input current (~3 nA), 
and very low output resistance (~0 9). 


16-2 DIFFERENTIAL DC AMPLIFIER? 


The differential-input single-ended-output instrumentation amplifier is often 
used to amplify inputs from transducers which convert a physical parameter 
and its variations into an electric signal. Such transducers are strain-gauge 
bridges, thermocouples, etc. The circuit shown in Fig. 16-6 is very simple 


Fig. 16-5 A voltage follower, V, = Vs. 
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Fig. 16-6 Differential amplifier using one op 
AMP. 


and uses only one op amp. In Prob. 16-8 we show that if Ro/R, = Ri/R;, 
then 


o= R, (V2 —_ V1) (16-5) 


If the signals V; and V2 have source resistances R,: and R,2, then these 
resistances add to R; and Rs, respectively. Note that the signal sources V, 
and V2 are each loaded by only a 1-K resistance. If this is too heavy a load 
for the transducer, a voltage follower is used as a buffer amplifier for each - 
signal. In other words, the circuit of Fig. 16-5 precedes each input in Fig. 
16-6. This configuration of three IC op aps is a very versatile, high-per- 
formance, low-cost de amplifier system. 


Bridge Amplifier A differential amplifier is often used to amplify the 
output from a transducer bridge, as shown in Fig. 16-7. Nominally, the four 
arms of the bridge have equal resistances R. However, one of the branches 
has a resistance which changes to R + AR with temperature or some other 
physical parameter. The goal of the measurement is to obtain the fractional 
change 6 of the resistance value of the active arm, or 6 = AR/R. 

In Prob. 16-11 we find that for the circuit of Fig. 16-7, the output V, is 
given by 

_ AaV 5 


V, = “4 1+ 6/2 . (16-6) 
For small changes in R (6 « 1) Eq. (16-6) reduces to 
Vo= — An 5 (16-7) 


OV, = Ay(V, — Vi) 
Fig. 16-7 Differential bridge am- 
plifier. R 
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16-3 STABLE AC-COUPLED AMPLIFIER 


In some applications the need arises for the amplification of an ac signal, 
while any de signal present must be blocked. A very simple and stable ac 
amplifier is shown in Fig. 16-8a, where capacitor C blocks the de component 
of the input signal and together with the resistor R sets the low-frequency 3-dB 
response for the overall amplifier. 

The output voltage V, as a function of the complex variable s is found 
from the equivalent circuit of Fig. 16-8b (where the double-ended heavy arrow 
represents the virtual ground) to be 


V. 


Vo = —IR = R + 1/sC R 
and 
V~ R’ 8 
Avs =F = — Bs PURO (16-8) 
From Eq. (16-8) we see that the low 3-dB frequency is 
1 
fi = on RC (16-9) 


The high-frequency response is determined by the frequency character- 
istics of the operational amplifier Ay and the amount of voltage-shunt feedback 
present (Sec. 14-5). The midband gain is, from Eq. (16-1), Av; = —R’/R. 


AC Voltage Follower The ac voltage follower is used to provide im- 
pedance buffering, that is, to connect a signal source with high internal source 
resistance to a load of low impedance, which may even be capacitive. In 
Fig. 16-9 is shown a practical high-input impedance ac voltage follower using 
the LM 102 operational amplifier. We assume that C; and C. represent short 
circuits at all frequencies of operation of this circuit. Resistors R, and R, are 
used to provide RC coupling and allow a path for the de input current into the 
noninverting terminal. In the absence of the bootstrapping capacitor C2, the 
ac signal source would see an input resistance of only Ri + R. = 200K. Since 


Fig. 16-8 (a) AC stable feedback amplifier. (b) Equiva- 


lent circuit when |A;| = «. 
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Fig. 16-9 AC voltage follower. . (Courtesy C, 


of National Semiconductor Corporation.) V, 
(0.01 uF) 


(100 K) 


(100 K) 


the LM 102 is connected as a voltage follower, the voltage gain Ay between 
the output terminal and the noninverting terminal is very close to unity. 
Thus, from our discussion in Sec. 8-16, the input resistance the source sees 
becomes, approximately, Ri/(1 — Ay), which is measured to be 12 AL at 
100 Hz and increases to 100 M at 1 kHz. 


16-4 ANALOG INTEGRATION AND DIFFERENTIATION! 


The analog integrator is very useful in many applications which require the 
generation or processing of analog signals. If, in Fig. 16-1, Z = R and a 
capacitor C is used for Z’, as in Fig. 16-10, we can show that the circuit per- 
forms the mathematical operation of integration. The input need not be 
sinusoidal, and hence is represented by the lowercase symbol v = v(t). (The 
subscript s is now omitted, for simplicity.) In Fig. 16-10b, the double-headed 
arrow represents a virtual ground. Hence i = v/R, and 


._lfjqge bk - (16- 
vs = ai f iat = po frat (16-10) 


The amplifier therefore provides an output voltage proportional to the integral 
of the input voltage. 

If the input voltage is a constant, v = V, then the output will be a ramp, 
vo = —Vt/RC. Such an integrator makes an excellent sweep circuit for a 
cathode-ray-tube oscilloscope, and is called a A/iller integrator, or Aliller sweep.* 


DC Offset and Bias Current The input stage of the operational amplifier 
used in Fig. 16-10 is usually a pier amp. The de input offset voltage Vio 
appears across the amplifier input, and this voltage will be integrated and will 
appear at the output as a linearly increasing voltage. Part of the input bias 
current will also flow through the feedback capacitor, charging it and produc- 
ing an additional linearly increasing voltage at the output. These two ramp 
voltages continue to increase until the amplifier reaches its saturation point. 
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Fig. 16-10 (a) Opera- 
tional integrator. (b) 
Equivalent circuit. 


We see then that a limit is set on the feasible integration time by the above 
error components. The effect of the bias current can be minimized by 
increasing the feedback capacitor C while simultaneously decreasing the value 
of R for a given value of the time constant RC. 


Finite Gain and Bandwidth The integrator supplies an output voltage 
proportional to the integral of the input voltage, provided the operational 
amplifier shown in Fig. 16-10a has infinite gain |Ay|—> © and infinite band- 
width. The voltage gain as a function of the complex variable s is, from 
Eq. (16-1), 


Ay;(s) = eo) =-y= (16-11) 


and it is clear that the ideal integrator has a pole at the origin. 
Let us assume that in the absence of C the operational amplifier has a 
dominant pole at fi, or s: = —2zf;. Hence its voltage gain A, is approxi- 

mated by 
Avo A 


a= TFjUT) = T= sa (16-12) 


If we further assume that R, = 0 in Fig. 15-3, then A, = Ay. Substituting 
Eq. (16-12) in Eq. (15-2) with R; = © and using |Ay.| > 1, |AvolRC > 1/|sil, 
we find 


Sy 1 


~ RO 4A” GFE Avanls = ROAD) 


Avy; = (16-13) 


where Ay, is a negative number and represents the low-frequency voltage gain 
of the operational amplifier. 

The above transfer function has two poles on the negative real axis as 
compared with one pole at the origin for the ideal integrator. In Fig. 16-11 
we show the Bode plots of Eqs. (16-11) to (16-13). We note that the response 
of the real integrator departs from the ideal at both low and high frequencies. 
At high frequencies the integrator performance is affected by the finite band- 
width (—s:/2r) of the operational amplifier, while at low frequencies the 
integration is limited by the finite gain of the op Aue. 
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Fig. 16-11 Bode magnitude plots of open-loop op amp gain Ay, 
ideal integrator and real integrator. Note that fi; = 1/2rRC|Avol 
and for = Avo8:/2m. 


Practical Circuit A practical integrator must be provided with an external 
circuit to introduce initial conditions, as shown in Fig. 16-12. When switch 
S is in position 1, the input is zero and capacitor C is charged to the voltage V, 
setting an initial condition of », = V. When switch S is in position 2, the 
amplifier is connected as an integrator and its output will be V plus a con- 
stant times the time integral of the input voltage v. In using this circuit, 
care must be exercised to stabilize the amplifier and R. must be equal to R; to 
minimize the error due to bias current. 


Ganged switch sections 


Fig. 16-12 Practical integrator cir- 
cuit. For minimum offset error due to 
input bias current it is required that 
R, = Rz (Courtesy of National 
Semiconductor Corporation.) 
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Fig. 16-13 Equivalent circuit of the opera- 
tional differentiator. 


Differentiator If Z is a capacitor C and if Z’ = Rk, we see from the 
equivalent circuit of Fig. 16-13 that 7 = C dv/dt and 


» = —Ri= —ro® (16-14) 
dt 

Hence the output is proportional to the time derivative of the input. If the 
input signal is vy = sin wt, then the output will be » = —RCw cos wi. Thus 
the magnitude of the output increases linearly with increasing frequency, and 
the differentiator circuit has high gain at high frequencies. This results in 
amplification of the high-frequency components of amplifier noise, and the 
noise output may completely obscure the differentiated signal. 


The General Case In the important cases considered above, Z and Z’ 
have been simple elements such as a single R or C. In general, they may be 
any series or parallel combinations of k, L, or C. Using the methods of 
’ Laplace transform analysis, Z and Z’ can be written in their operational form 
as Z(s) and Z'(s), where s is the complex-frequency variable. In this notation 
the reactance of an inductor is written formally as Ls and that of a capacitor 
as 1/sC. The current I(s) is then V(s)/Z(s), and the output is 

Z'(s) 


V,(s) = Z(s) V(s) (16-15) 


The amplifier thus solves this operational equation. 


16-5 ELECTRONIC ANALOG COMPUTATION! 


The op amp is the fundamental building block in an electronic analog computer. 
As an illustration, let us consider how to program the differential equation 


d?y dv 

az + Kig t+ Kw — = 0 (16-16) 

where 2 is a given function of time, and K; and K» are real positive constants. 
We begin by assuming that d?v/d#? is available in the form of a voltage. 

Then, by means of an integrator, a voltage proportional to dv/dt is obtained. 

A second integrator gives a voltage proportional to v. Then an adder (and 
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scale changer) gives — K,(dv/dt) — K.v + v;. From the differential equation 
(16-16), this equals d*v/dé?, and hence the output of this summing amplifier 
is fed to the input terminal, where we had assumed that d?v/dt? was available 
in the first place. 

The procedure outlined above is carried out in Fig. 16-14. The voltage 
d?v/dt? is assumed to be available at an input terminal. The integrator (1) 
has a time constant RC = 1 s, and hence its output at terminal 1 is—dv/dt. 
This voltage is fed to a similar integrator (2), and the voltage at terminal 2 is 
+v. The voltage at terminal 1 is fed to the inverter and scale changer (3), 
and its output at terminal 3 is +K,(dv/dt). This same operational amplifier 
(3) is used as an adder. Hence, if the given voltage v:(¢) is also fed into it as 
shown, the output at terminal 3 also contains the term — 1, or the net output is 
+K,(dv/dt) — v,. Scale changer-adder (4) is fed from terminals 2 and 3, and 
hence delivers a resultant voltage —K.v — K,(dv/dt) + v; at terminal 4. By 
Eq. (16-16) this must equal d?v/dé?, which is the voltage that was assumed to 
exist at the input terminal. Hence the computer is completed by connecting 
terminal 4 to the input terminal. (This last step is omitted from Fig. 16-14 
for the sake of clarity of explanation.) 

The specified initial conditions (the value of dv/dt and v at £ = 0) must 
now be inserted into the computer. We note that the voltages at terminals 1 
and 2 in Fig. 16-14 are proportional to dv/dt and »v, respectively. Hence 
initial conditions are taken care of (as in Fig. 16-12) by applying the correct 
voltages V, and V» across the capacitors in integrators 1 and 2, respectively. 

The solution is obtained by opening switches S, and S; and simultaneously ~ 


Integrator 
RC=1 


Vv, S; 

Adder 
R _ 
Rr 


Fig. 16-14. A block diagram of an electronic analog computer. Ati = 0, S,and S» 
are opened and 8; is closed. Each op amp input is as in Fig. 16-12. 
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closing S; (by means of relays) at t = 0 and observing the waveform at ter- 
minal 2. If the derivative dv/dt is also desired, its waveform is available at 
terminal 1. The indicator may be a cathode-ray tube (with a triggered sweep) 
or a recorder or, for qualitative analysis with slowly varying quantities, a high- 
impedance voltmeter. 

The solution of Eq. (16-16) can also be obtained with a computer which 
contains differentiators instead of integrators. However, integrators are 
almost invariably preferred over differentiators in analog-computer applica- 
tions, for the following reasons: Since the gain of an integrator decreases with 
frequency whereas the gain of a differentiator increases nominally linearly 
with frequency, it is easier to stabilize the former than the latter with respect 
to spurious oscillations. As a result of its limited bandwidth, an integrator is 
less sensitive to noise voltages than a differentiator. Further, if the input 
waveform changes rapidly, the amplifier of a differentiator may overload. 
Finally, as a matter of practice, it is convenient to introduce initial conditions 
in an integrator. 


16-6 ACTIVE FILTERS# 


Consider the ideal low-pass-filter response shown in Fig. 16-15a. In this plot 
all signals within the band 0 < f < f, are transmitted without loss, whereas 
inputs with frequencies f > f, give zero output. It is known® that such an 
ideal characteristic is unrealizable with physical elements, and thus it is 


IAy(f) 
(a) 
0 | hu f 
t 
i 
\Ay(f)l 
‘ t 
(b) ' ; 
Fig. 16-15 Ideal filter characteristics. 
1 (a) Low-pass, (b) high-pass, and (c) 
0 fir ; f 
bandpass. 
lAy (pl ! 
t ! 
(c) 


—) 
o> 
hy 
i: 
x 
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necessary to approximate it. An approximation for an ideal low-pass filter 
is of the form 
1 

Ay(s) = =~ 


P.) (16-17) 


where P,(s) is a polynomial in the variable s with zeros in the left-hand plane. 
Active filters permit the realization of arbitrary left-hand poles for Ay(s), 
using the operational amplifier as the active element and only resistors and 
capacitors for the passive elements. 

Since commercially available op amps have unity gain-bandwidth prod- 
ucts as high as 100 MHz, it is possible to design active filters up to frequen- 
cies of several MHz. The limiting factor for full-power response at those 
high frequencies is the slewing rate (Sec. 15-6) of the operational amplifier. 
(Commercial integrated op AMPs are available with slewing rates as high as 
100 V/us.) 


Butterworth Filter® A common approximation of Eq. (16-17) uses the 
Butterworth polynomials B,(s), where 


Ay(s) = mae (16-18) 
and with s = jw, 
|Ay(s)|? = |Ay(s)| |Av(—s)| Ave (16-19) 


~ T+ (w/e) 
From Eqs. (16-18) and (16-19) we note that the magnitude of B,(w) is given by 


\B.(«)| = 4/1 + (2)" (16-20) 


The Butterworth response [Eq. (16-19)] for various values of n is plotted in 
Fig. 16-16. Note that the magnitude of Ay is down 3 dB at w = w for all n. 
The larger the value of n, the more closely the curve approximates the ideal 
low-pass response of Fig. 16-15a. 

If we normalize the frequency by assuming w, = 1 rad/s, then Table 16-1 
gives the Butterworth polynomials for n up to 8. Note that for n even, the 
polynomials are the products of quadratic forms, and for n odd, there is present 
the additional factor s + 1. The zeros of the normalized Butterworth poly- 
nomials are either —1 or complex conjugate and are found on the so-called 
Butterworth circle of unit radius shown in Fig. 16-17. The damping factor k 
is defined as one-half the coefficient of s in each quadratic factor in Table 
16-1. For example, for n = 4, there are two damping factors, namely, 
0.765/2 = 0.383 and 1.848/2 = 0.924. It turns out (Prob. 16-20) that k is- 
given by 

k = cos 6 (16-21) 


where 6 is as defined in Fig. 16-17a for n even and Fig. 16-176 for n odd. 
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TABLE 16-1 Normalized Butterworth polynominals 


eee 


n Factors of polynomial Py(s) 


eee 
(s + 1) 

(s? + 1.4148 + 1) 

(8 + 1)(s? +8 +1) 

(s? + 0.7653 + 1)(s? + 1.848s + 1) 

(s + 1)(s? + 0.6188 + 1)(s? + 1.6185 + 1) 

(s? + 0.518s + 1)(s? + 1.4148 + 1)(s? + 1.9325 + 1) 

(s + 1)(s? + 0.4458 + 1)(s? + 1.2478 + 1)(s? + 1.802s + 1) 

(s? + 0.8903 + 1)(s? + 1.111s + 1)(s? 4- 1.6635 + 1)(s? + 1.962s +1) 


eG 


CONDOR & De 


From the table and Eq. (16-18) we see that the typical second-order 
Butterworth filter transfer function is of the form 


Ay(s) _ 1 
Ayo — (8/wo)? + 2k(s/w,) + 1 


(16-22) 


where w, = 2nf, is the high-frequency 3-dB point. Similarly, the first-order 
filter is 


Ay(s) _ 1 


Ay, s/aotl (16-23) 


Practical Realization Consider the circuit shown in F ig. 16-1Sa, where 
the. active element is an operational amplifier whose stable midband gain 


1.0 
“s 
x 
> 
x 
S 
4 
| 0.1 Fig. 16-16 Butterworth low- 
pass-filter frequency re- 
sponse. 
| ii 
0.01 
0.1 1.0 10.0 


Normalized frequency, w/w, 
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(a) (b) 


Fig. 16-17. The Butterworth circle for (a) n even and (b) 
nodd. Note that for n odd, one of the zeros is ats = —1. 


V./V; = Avo = (Ri + Rj)/Ri [Eq. (15-4)] is to be determined. We assume 
that the amplifier input current is zero, and we show in Prob. 16-25 that 


A (s) _ iz _ Ayol 3L4 
v Ve, 232, +2Z.+ Zs) + ZiZ. 4+ Z1Z,(1 — Avo) 


If this network is to be a low-pass filter, then Z; and Z,» are resistances and 
Zs and Z, are capacitances. Let us assume Z; = Z. = Rand C3 = Cy = C, 
as shown in Fig. 16-18b. The transfer function of this network takes the form 


(1/RC)? 


(16-24) 


A = Ay, 16-25 
rs) 24 (3 =4r),, (1) 529) 
. Re /)° * \RG 
Comparing Eq. (16-25) with Eq. (16-22), we find 
Wo = — (16-26) 
and 
2k = 3 — Avo or Avo = 3 — 2k (16-27) 


We are now in a position to synthesize even-order Butterworth filters 
by cascading prototypes of the form shown in Fig. 16-18), using identical 
R’s and C’s and selecting the gain Ay, of each operational amplifier to satisfy 
Eq. (16-27) and the damping factors from Table 16-1. 

To realize odd-order filters, it is necessary to cascade the first-order filter 
of Eq. (16-23) with second-order sections such as indicated in Fig. 16-180. 
The first-order prototype of Fig. 16-18c has the transfer function of Eq. 
(16-23) for arbitrary Ay, provided that w, is given by Eq. (16-26). For 
example, a third-order Butterworth active filter consists of the circuit in 
Fig. 16-18b in cascade with the circuit of Fig. 16-18c, with R and C' chosen so 
that RC = 1/w., with Ay, in Fig. 16-180 selected to give k = 0.5 (Table 16-1, 
n = 3), and Ay, in Fig. 16-18c chosen arbitrarily. 
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(b) (c) 


Fig. 16-18 (a) Generalized active-filter prototype. (b) Second-order low- 
Pass section. (c) First-order low-pass section. 


EXAMPLE Design a fourth-order Butterworth low-pass filter with a cutoff fre- 
quency of 1 kHz. 


Solution We cascade two second-order prototypes as shown in Fig. 16-19. For 
n = 4 we have from Table 16-1 and Eq. (16-27) 


Ay, = 3 — 2k, = 3 — 0.765 = 2.235 


10K 12.35 K 10K 1.52 K 


Fig. 16-19 Fourth-order Butterworth low-pass filter with f, = 1 kHz. 
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and 
Ave = 3 — 2k, = 3 — 1.848 = 1.152 


From Eq. (15-4), Avi = (Ri + R\)/R:. If we arbitrarily choose R, = 10 K, 
then for Avy; = 2.235, we find R; = 12.35 K, whereas for Avyz = 1.152, we find 
Ri = 1.520 K and R, = 10 K. To satisfy the cutoff-frequency requirement, we 
have, from Eq. (16-26), f. = 1/2rRC. We take R = 1 K and find C = 0.16 uF. 
Figure 16-19 shows the complete fourth-order low-pass Butterworth filter. 


Ne nel 


High-pass Prototype An idealized high-pass-filter characteristic is 
indicated in Fig. 16-15b. The high-pass second-order filter is obtained from the 
low-pass second-order prototype of Eq. (16-22) by applying the transformation 


Ss —» Be} (16-28) 
Wo llow-pass § {high-pass 
Thus, interchanging R’s and C’s in Fig. 16-18) results in a second-order 


high-pass active filter. 


Bandpass Filter A second-order bandpass prototype is obtained by 
cascading a low-pass second-order section whose cutoff frequency is fow with a 
high-pass second-order section whose cutoff frequency is f.z, provided foun > fox, 
as indicated in Fig. 16-15c. 


Band-reject Filter Figure 16-20 shows that a band-reject filter is obtained 
by paralleling a high-pass section whose cutoff frequency is for with a low-pass 


Aylf! 


! fou 
Aylfl | 
| 
| 
High-pass 
f 
! fit 
Ay!fl | 
| Band-| 
reject 
f 
fon fx 
(a) (b) 


Fig. 16-20 (a) Ideal band-reject-filter frequency response. (b) Parallel combina- 
tion of low-pass and high-pass filters results in a band-reject filter. 
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Fig. 16-21 A resonant circuit. 


section whose cutoff frequency is f.y. Note that for band-reject characteris- 
tics it is required that fox < for. 


16-7 ACTIVE RESONANT BANDPASS FILTERS’ 


The idealized bandpass filter of Fig. 16-15c has a constant response for fo, < 
f < fox and zero gain outside this range. An infinite number of Butterworth 
sections are required to obtain this filter response. A very simple approxima- 
tion to a narrowband characteristic is obtained using a single LC resonant 
circuit. Such a bandpass filter has a response which peaks at some center 
frequency f, and drops off with frequency on both sides of f.. A basic proto- 
type for a resonant filter is the second-order section shown in Fig. 16-21, whose 
transfer function we now derive. 

If we assume that the amplifier provides a gain A, = V,/V; which is 
positive and constant for all frequencies, we find y 

Vo VoVi _ RA, 


AvQe) = 7 = 7, = REF@L Ue) (16-29) 


The center, or resonant, frequency f. = w,/2m is defined as that frequency 
at which the inductance resonates with the capacitance; in other words, the 
inductive and capacitive reactances are equal (in magnitude), or 


1 
2 = —_ —_ 
w. = 55 (16-30) 


It is convenient to define the quality factor Q of this circuit by 


L (16-31) 


Substituting Eq. (16-31) in Eq. (16-29), we obtain the magnitude and phase 
of the transfer function 


|Av(ja)| = As 


oa} 
p+e(S-5) 


6(w) = —arctan Q (2 — “) (16-33) 


Wo Ww 


(16-32) 
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Fig. 16-22 The bandpass characteristics of a tuned circuit. (a) Amplitude and (b) 
phase response. 


Normalized Eqs. (16-32) and (16-33) are plotted in Fig. 16-22 for different 
values of the parameter Q. 


Geometric Symmetry In the |Ay(jw)| curves of Fig. 16-22 it is seen that, 
for every frequency w’ < w, there exists a frequency w’’ > w for which 
|Ay(jw)| has the same value. We now show that these frequencies have w, 
as their geometric mean; that is, wo? = w’w’’. 

Setting |Ay(jw’)| = |Av(jw”’)|, we obtain 


/ yt 
“= — (2 - ss) (16-34) 
Wo () 


where the minus sign is required outside the parentheses because w’ < we <w”’, 
From Eq. (16-34) we find 


We? = ww (16-35) 
Bandwidth Let wi < w and w. > w, be the two frequencies on either 


side of w, for which the gain drops by 3 dB from its value A, at w. Then the 
bandwidth is defined by 


_— We 7 O11 1 _ Wo” ‘ 
B = on —_ on € 7) (16-36) 
where use is made of Eq. (16-35). The frequency w» is found by setting 
| Ay (jw) | _ 
A 


(16-37) 
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From Eq. (16-32) it follows that 


2 
Q (2: _ “:) -,-2 € _ =) (16-38) 
Wo We Wo We 


B= 7 e=8 (16-39) 


The bandwidth is given by the center frequency divided by Q. 
Substituting Eq. (16-31) in Eq. (16-39), we find an alternative expression 
for B, namely, 


lwh IR 


B= ToL De L 


(16-40) 


Active RC Bandpass Filter The general form for the second-order band- 
pass filter is obtained if we let s = jw in Eq. (16-29). 


RA, ‘ (R/L) Aos 


Av(s) = BE + eC ~ @ 4 a(R/L) F ULO (16-41) 
Substituting Eqs. (16-30) and (16-31) into (16-41) yields 
Ay(s) = ———(ao/@) Aos (16-42) 


8? + (wo/Q)s + wo? 


The transfer function of Eq. (16-42) obtained from the RLC circuit shown in 
Fig. 16-21 can be implemented with the multiple-feedback circuit of Fig. 16-23, 
which uses two capacitors, three resistors, and one op amP, but no inductors. 
If we assume that the op aup voltage gain is infinite, we show in Prob. 16-29 
that 


V.(s) _ s/RiCy 
3 GtG ues) 
R3CiC2 R’R3CiC2 
where R’ = R,||Ro, or 
ro RR, 
w= Rt Re (16-44) 


Fig. 16-23 An active resonant filter 
without an inductance. 
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Equating the corresponding coefficients in the three transfer functions of Kas. 
(16-41), (16-42), and (16-43) yields 


L 

RC, = RA, * a. (16-45) 
C:iC, LQ 

OE G Rw (16-46) 

R'R:C,C2 = LC = + (16-47) 


Any real positive values for Ri, R’, Rs, Ci, and C2 which satisfy Eqs. (16-45) 
to (16-47) are acceptable for the design of the active bandpass filter. Since 
we have only three equations for the five parameters, two of these (say, C, and 
C’,) may be chosen arbitrarily. 


a ——— 
EXAMPLE Design a second-order bandpass filter with a midband voltage gain 
A, = 50 (34dB), a center frequency f, = 160 Hz, and a 3-dB bandwidth B = 16 Hz. 


Solution From Eq. (16-39) we see that the required Q = 160/16 = 10. The 
center angular frequency is w, = 2xf, = 27 X 160 ~ 1,000 rad/s. Assume 
C, = C,= 0.1 uF. From Eq. (16-45) 


Q 10 


R, = = Q=2K 
AowCi 50 X 10? x 0.1 xX 10-6 
From Eq. (16-46) 
R; = Q = 10 = 200 K 


From Eq. (16-47) 
r 1 __ 1 
wo?RsC iC, 10° X 2 X 105 x 10-4 
Finally, from Eq. (16-44) 


R, = RiR _ 2,000 x 500 = 667 2 
Rk, — R’ 2,000 — 500 


= 5002 


If the above specifications were to be met with the RLC circuit of Fig. 16-21, 
an unreasonably large value of inductance would be required (Prob. 16-32). 


Se SS Sr se 


16-8 DELAY EQUALIZER 


Signals such as digital data pulses transmitted over telephone wires suffer from 
delay distortion, discussed in Sec. 12-2. Forthe compensation of this distortion, 


558 / INTEGRATED ELECTRONICS Sec. 16-9 


(b) 


Fig. 16-24 (a) General form of delay equalizer. (b) Practical equalizer section 
using the “A702. (Courtesy of Fairchild Semiconductor, Inc.) 


corrective networks known as delay equalizers are required. A delay equalizer 
is an all-pass network whose transfer function is of the form | 
Ay = Vo _ R -jX 
VY. R+ 9X 
We see from Eq. (16-48) that the amplitude of Ay is unity throughout the 
useful frequency range, and the delay D is given by the derivative of the phase 
of Ay with respect to frequency, or 


D(w) = —2 a | arctan a (16-49) 


(16-48) 


dw R 


A delay equalizer using an operational amplifier is shown in Fig. 16-24a. The 
transfer function for this configuration is found in Prob. 16-33 to be 


Z1Z3 — ZL, 

AY = Tia $2) aoe) 
For 24, = Z, = R=1K, Z; = R3, and Z, = jX, Eq. (16-50) becomes 
_ Rs — jx 
~ Rs + 9X 
which is the desired all-pass characteristic of the delay equalizer. A practical 
delay equalizer is shown in Fig. 16-24b using the Fairchild »A702 op amp. The 
low offset voltage of this amplifier allows a larger number of sections to be 
directly coupled. This advantage is particularly significant when we consider 
the fact that in many applications eight or more sections in cascade are required 
to compensate for the delay distortion. 


Ay (16-51) 


16-9 INTEGRATED CIRCUIT TUNED AMPLIFIER 


The differential amplifier stage in monolithic integrated form (Fig. 16-25) is an 
excellent basic building block for the design of a tuned amplifier (including 
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Fig. 16-25 The MC 1550 inte- 
grated circuit. (Courtesy of 
Motorola Semiconductor Inc.) 


automatic gain control), an amplitude modulator, or a video amplifier. We 
now discuss these applications. 


Operation of a Tuned Amplifier This circuit is designed to amplify a 
signal over a narrow band of frequencies centered at f,. The simplified sche- 
matic diagram shown in Fig. 16-26 is used to explain the operation of this 
circuit. The external Jeads 1, 2, 3, . . . of the IC in this figure correspond 
to those in Fig. 16-25. The input signal is applied through the tuned trans- 


Fig. 16-26 Tuned amplifier consisting of the Q1-Q3 cascode, with 
the gain controlled by Q2. 
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former T1 to the base of Q1. The load Ry is applied across the tuned trans- 
former T2 in the collector circuit of Q3. The amplification is performed by 
the transistors Q1 and Q3, whereas the magnitude of the gain is controlled by 
Q2. The combination of Q1-Q3 acts as a common-emitter common-base 
(CE-CB) pair, known as a cascode combination. In Prob. 8-39 we show that 
the input resistance and the current gain of a cascode circuit are essentially 
the same as those of a CE stage, the output resistance is the same as that of a 
CB stage, and the reverse-open-circuit voltage amplification is given by 
h, =~ hehe» ~ 10-7. The extremely small value of h, for the cascode transistor 
pair makes this circuit especially useful in tuned-amplifier design. The reduc- 
tion in the “reverse internal feedback”’ of the compound device simplifies tun- 
ing, reduces the possibility of oscillation, and results in improved stability of 
the amplifier. 

The voltage Vacgc applied to the base of Q2 is used to provide automatic 
gain control. From Fig. 15-9 we see that if Vage is at least 120 mV greater 
than Vr, Q3 is cut off and all the current of Q1 flows through Q2. Since Q3 
is cut off, its transconductance is zero and the gain Ay = V,/V; becomes zero. 
If Vaec is less than Vr by more than 120 mV, Q2 is cut off and the collector 
current of Q1 flows through Q3, increasing the transconductance of Q3 and 
resulting in maximum voltage gain Ay. 

An important advantage of this amplifier is its ability to vary the value 
of Ay by changing Vaucc without detuning the input circuit. This follows 
from the fact that variations in Vagc cause changes in the division of the 
current between Q2 and Q3 without affecting significantly the collector current 
of Q1. Thus the input impedance of Q1 remains constant and the input circuit 
is not. detuned. 

Biasing of this integrated amplifier is obtained using a technique similar 
to that discussed in Sec. 9-7. The voltage V and resistor R establish the de 
current Ip; through the diode D1. Since the diode and transistor Q1 are on 
the same silicon chip, very close to each other, and with Vp: = Vam, the 
collector current Jc; of Q1 is within +5 percent of Jp. 


y-parameters In the design of tuned amplifiers, it is convenient to 
characterize the amplifiers as a two-port network and measure the y-parameters 
at the frequency of operation. These y-parameters are defined by choosing 
the input and output voltages V; and V. as independent variables and express- 
ing the currents J, and J, in Fig. 16-27a in terms of these two voltages. Thus 


yuVit yrVe (16-52) 
YaVi + YoVe , (16-53) 


Il 


I, 


where the J’s and V’s represent rms values of the small-signal currents and 
voltages. The circuit model satisfying these equations is indicated in Fig. 
16-27b. 
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I, I, 
O ) 
NV, 


(a) (b) 


Fig. 16-27. (a) Cascode pair. (b) y-parameter two-port model. 


The y-parameter in Eqs. (16-52) and (16-53) and Fig. 16-27b are complex- 
valued functions of frequency which are defined as follows: 


yn =Gut+jBu = Ty, Veo 7 short-circuit input admittance 

1 1Va= 
. Ii ae 

Ye =GretjBr = Y, = short-circuit reverse transfer 
2!¥i=0 admittance 

Yun = Gan — jBy = a = short-circuit forward transfer 
1!¥2=0 admittance 

Yo = Go + jB2 = Z Veo” short-circuit output admittance 
2IYi= 


For a given device, single transistor or cascode pair, these parameters 
may be specified as explicit functions of frequency, or, as is more often the 
case, aS graphs of the real and imaginary parts, the conductance G and the 
-susceptance B, versus frequency. The data sheet of the MC 1550 gives the 
y-parameters measured on the General Radio 1607A immittance bridge. 
Typical measured values are shown in Fig. 16-28. The internal feedback 
factor y12 is not shown because it was found to be less than 0.001 mA/V (mb) 
and is neglected. 

Let us consider the two-port network of Fig. 16-27b terminated at the 
output by a load admittance Y, and driven by a current source J, with source 
admittance Y,. The equivalent admittance seen by the current source is 
Yea = Y. + Y;. In Prob. 16-36 we show that 


y,-f-y, — Ya (16-54) 
and the output admittance is 


I, Yi2Yeo1 
Y, = = yy — 16-55 
VU a+ Y, (16-55) 


Since Yie = 0, then Y, =~ Yiu and Y, = Yoo. 
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Fig. 16-28 The y-parameters of the MC 1550 for Veco = 6.0 V and Vacc = OV as 
functions of frequency. (a) The parameter yj, (b) the parameter y»,, (c) the param- 
eter yo. (Courtesy of Motorola, Inc.) 


The average power P,, delivered by the current source to the two-port 
is the power dissipated in the conductive part of Yo, or 


Pay = 41V|? Re [YealT (16-56) 


If Re [Y.q] becomes negative at. some frequency w;, the network absorbs 
negative power; in other words, power is supplied to the source by the network. 
We note from Kq. (16-54) that if yiz ~ 0 and Re [yi] > 0 and Re [Y,] > 0, 
the circuit cannot oscillate. 


t Re [Yq] means the real part of Y., and V; is the rms value of the input voltage. 
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The current gain A; and voltage gain Ay are found in Prob. 16-37 to be 
given by 


T, Yat 


Ap= —- 7 = 7 6- 
J I; YrsrY22 — YrYor + yu (I 57) 
and 
Ve Yrs 
Ava=e = - —WbL 16-58 
v Vi Yoo + Yr, ( ) 


A Practical Tuned Amplifier A hybrid monolithic circuit which 
embodies the principles discussed above is indicated in Fig. 16-29. (For the 
moment, assume that the audio generator V, is not present; V, = 0.) The 
shaded block is the MC 1550 IC chip of Fig. 16-25. All other components are 
discrete elements added externally. Resistors R,; and R, bias the diode D1 
(and hence determine the collector current of Q1). These resistors also estab- 
lish the bias voltage for Q3. Resistors R3 and R, serve to ‘‘widen” the AGC 
voltage range from 120 mV to approximately 850 mV, thus rendering the AGC 
terminal less susceptible to external noise pickup. 


Vace = 


Fig. 16-29 A practical 45-MHz tuned amplifier (with 
Va = 0), or an RF modulator if V, #0. (Courtesy of 
Motorola Semiconductor, Inc.) 
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The source V, is a 45-\[Hz RF (radio-frequency) generator whose resis- 
tance is 50. The transformers are wound with No. 32 wire on T12-2 cores; 
T1 with 6:18 turns has a magnetizing inductance Ly = 1.1 wH, and T2 with 
30:3 turns gives Ly = 2.5 wH. The variable capacitors in Fig. 16-29 are 
adjusted so as to resonate with these inductors at 45 MHz. 

For maximum power gain through an amplifier the source admittance 
and load admittance must be selected to be the complex conjugates of the 
input admittance Y; ~ yy, and of the output admittance Y, ~ yoo, respec- 
tively. In place of transformers, LC networks may be used to obtain this 
matching. In Fig. 16-30, the input network consisting of Cy, C2, and L, 
transforms the 50-0 resistance of the source into the complex conjugate of y1. 
The values of C1, C2, and L, are calculated using techniques in Ref.8. The out- 
put network consists of C3, Cy, and L. and transforms the 50-2 load resistance 
into the complex conjugate of y2». The center frequency for this amplifier is 
60 MHz, the bandwidth is 500 kHz, and the power gain is measured to be 
30 dB. 


Amplitude Modulator The RI’ carrier signal V, may be varied in 
amplitude by changing the AGC voltage. Hence, if an audio signal V, is 
applied to terminal 10 in Fig. 16-29 so as to modify the AGC voltage, the 
output will be the amplitude-modulated waveform indicated in Vig. 4-27, 

The gain of the Q1-Q3 cascode is proportional to |ysi|, as indicated in 
Kq. (16-58). The parameter y.; depends upon the collector current of Q3, 
which can be varied by changing Vage. Figure 16-31 shows the variation of 
lya| versus Vage at the frequency of 45 MHz. From the curve we see that 
between Vagc = 2.75 V and Vago = 4.25 V, lyal is linear with Vage. By 
biasing the AGC line to 3.5 V (point B on the curve) and impressing an audio 
sinusoidal signal V, on the base of Q2 (as indicated in Fig. 16-29), lye] will 
vary sinusoidally. From Eq. (16-58) the gain Ay will also vary sinusoidally 
with the audio signal. Thus the amplifier output will be an amplitude- 
modulated signal. 


Y, = yn Y, = Ie 
(a) (b) 


Fig. 16-30 Matching networks for maximum power transfer in a 
60-MHz tuned amplifier (a) at the input and (b) at the output. 
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Fig. 16-31 Variation of 


= 
lyn] versus Vagc at 45 MHz a 
for the MC 1550. (Cour- £ 
tesy of Motorola Semi- 
conductor, Inc.) 
16-10 A CASCODE VIDEO AMPLIFIER 


A video amplifier, as opposed to a tuned amplifier, must amplify signals over 
a wide band of frequencies, say up to 20 MHz. The MC 1550 can be used 
as a cascode video amplifier (Fig. 16-32a) by avoiding tuned input and output 
circuits. Between pins 1 and 4, 50 @ is inserted in order to properly terminate 
the coaxial cable carrying the video signal. This small resistance has negligible 
effect on the biasing of Q1. The load Rz is placed directly in the collector lead 
of Q3. 

The small-signal analysis of this video amplifier can be made using the 
approximate equivalent circuit of Fig. 16-32c. If both transistors Q2 and Q3 
are operating in their active region, the collector of Q1 sees the very small 
input resistance (?e2||res) of two common-base stages in parallel. We can rep- 
resent Q1 with its hybrid-II model, and due to the very low load on Q1, we can 
neglect the effect of C,. The video output is taken from the collector of Q3, 
which is operating as a common-base stage. We shall assume that Q3 can 
be represented by a current source a3J3, where J; is the emitter signal current 
of Q3 and az = 1 and is independent of frequency over the band of frequencies 
under consideration. C, represents the capacitance from the collector of Q1 
and Q3 to the substrate (ground). 

From Fig. 16-32c we find (Prob. 16-42) 


V, O39in 1 


V; e€ ’ 4c, 
reat ( 1 iy sc.) (4 gig ) E + 3(C, + cn | 

To Tore Tex Tes Hy 
(16-59) 
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(c) 


Fig. 16-32 (a) The MC 1550 used as a video amplifier; (b) frequency response for 
three different values of Vagc; (c) approximate small-signal equivalent circuit. 


From Eq. (3-14) the emitter-base-diode incremental resistance r, (reo OF 13) 
is given by r. = nVr/Ixz, where Iz is the quiescent emitter current. 


ee 
EXAMPLE Design a video amplifier, using the circuit of Fig. 16-32 and the 
MC 1550, to provide voltage gain Ay = V,/V; = —25 and bandwidth greater 
than 20 MHz when Vigo = 0. Assume Veco = 6 V, hye = 50, ro = 50 Q, 
C, = 5 pF, Ci = 5 pF, Iz, = 1 mA, and fr = 900 MHz. 
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Solution The low-frequency voltage gain V/V; is found from Eq. (16-59) by letting 
s=0. When Vacc = 0, transistor Q2 is cut off and all the collector current of 
Q1 flows through Q3. Since Ig: = 0, then r.. = 9Vr/Igz2. = © and 


ry = gt = 2 MY _ 52 Oat 25°C 
Tr 1mA 


From Sec. 11-2 we obtain 


on = tat 3 385 x 107 A/V 
m Vr = 26 > . i 
Tre = Ire = 9 __g = 1.30 Kk 
Im 38.5 « 1073 
and 
—3 
C. gn 38.5 X 10 F = 6.80 pF 


~ Onfr 2X 3.14 X 900 X 10-8 
If we assume a3 ~ 1, we find from Eq. (16-59) 


Ve 38.5 X 107% 1 


Ay = 2] 0 = - 
V, |s=0 52x50 (1 1 Lyd 
50 | 1,300) © 52°. Rr 
= —37.2 X 10-3R, 
Thus 
Ay, = —25 = —37.2 X 10-3 X Ry 
or 
25 
R, = —2- X 103 = 6752 
“37.2 


The voltage transfer function of Eq. (16-59) has three poles, and the corre- 
sponding 3-dB frequencies are ~ 


n= 1 _ d Hz = 23.6 MHz 
ImRi(C. + Cr) 2X 3.14 X 675 X 10 X 10-” 


f= = L Hz = 490 MHz 
QC. (Torell Pow) 2x 3.14 & 6.80 X 107!2 x 48 
f= ! Hz = 610 MHz 


2nC,(re2||r3) 2x 3.14 5 xX 107? & 52 


We conclude that f; is a dominant pole and fx ~ f; = 23.6 MHz. Figure 16-326 
shows measured data for three values of Vacc. We see that, although we used a 
simplified model to analyze the circuit, we obtained excellent agreement with 
experiment. 


i a 
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Il. NONLINEAR ANALOG SYSTEMS 


16-11 COMPARATORS 


With the exception of amplitude modulation and automatic gain control, all 
the systems discussed thus far in this chapter have operated linearly. The 
remainder of the chapter is concerned with nonlinear op aur functions. 

The comparator, introduced in Sec. 4-6, is a circuit which compares an 
input signal v,(¢) with a reference voltage Vz. When the input v; exceeds Vr, 
the comparator output v, takes on a value which is very different from the 
magnitude of v, when v; is smaller than Vg. The pirF amp input-output curve 
of Fig. 15-9 approximates this comparator characteristic. Note that the total 
input swing between the two extreme output voltages is ~8V7 = 200 mV. 
This range may be reduced considerably by cascading two DIFF AMPs as in 
Fig. 15-11. This MC 1530 op aup serves as a comparator if connected open- 
loop, as shown in Fig. 16-33a. The transfer characteristic is given in Fig. 
16-335, and it is now observed that the change in output state takes place 
with a variation in input of only 2 mV. Note that the input offset voltage 
contributes an error in the point of comparison between v; and Vez of the order 
of 1 mV. The reference Veg may be any voltage, provided that it does not 
exceed the maximum common-mode range. 


(a) (b) 


Fig. 16-33 (a) The MC 1530 operational amplifier as a comparator. 
(b) The transfer characteristic. 
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Fig. 16-34 A zero-crossing detector converts a sinusoid »; into a 
square wave v,. The pulse waveforms v’ and vz result if v, is fed 
into a short time-constant RC circuit in cascade with a diode clipper. 


Zero-crossing Detector If Vris set equal to zero, the output will respond 
almost discontinuously every time the input passes through zero. Such an 
arrangement is called a zero-crossing detector. 

Some of the most important systems using comparators will now be 
listed. Other applications are discussed in Sees. 16-5 and 17-19. 


Square Waves from a Sine Wave If the input to an op amp comparator 
is a sine wave, the output is a square wave. If a zero-crossing detector is 
used, a symmetrical square wave results, as shown in Fig. 16-34c. This ideal- 
ized waveform has vertical sides which, in reality, should extend over a range 
of a few millivolts of input voltage 1. 


Timing-markers Generator from a Sine Wave The square-wave output 
vo of the preceding application is applied to the input of an RC series circuit. 
If the time constant RC is very small compared with the period T of the sine- 
wave input, the voltage v’ across R is a series of positive and negative pulses, 
as indicated in Fig. 16-34d. If v’ is applied to a clipper with an ideal diode 
(Fig. 16-34a), the load voltage vz contains only positive pulses (Fig. 16-34e). 
Thus the sinusoid has been converted into a train of positive pulses whose spac- 
ing is 7. These may be used for timing markers (on the sweep voltage of a 
cathode-ray tube, for example). 
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Phasemeter The phase angle between two voltages can be measured by 
a method based on the circuit of Fig. 16-34. Both voltages are converted into 
pulses, and the time interval between the pulse of one wave and that obtained 
from the second sine wave is measured. This time interval is proportional to 
the phase difference. Such a phasemeter can measure angles from 0 to 360°. 


Amplitude-distribution Analyzer A comparator is a basic building block 
in a system used to analyze the amplitude distribution of the noise generated 
in an active device or the voltage spectrum of the pulses developed by a nuclear- 
radiation detector, etc. To be more specific, suppose that the output of the 
comparator is 10 V if »; > Ve and0O Vifv; < Vr. Let the input to the com- 
parator be noise. A dc meter is used to measure the average value of the out- 
put square wave. For example, if Vz is set at zero, the meter will read 10 V, 
which is interpreted to mean that the probability that the amplitude is greater 
than zero is 100 percent. If Vp is set at some value V, and the meter reads 
7 V, this is interpreted to mean that the probability that the amplitude of the 
noise is greater than Vz is 70 percent, etc. In this way the cumulative ampli- 
tude probability distribution of the noise is obtained by recording meter read- 
ings as a function of Ve. 


Pulse-time Modulation If a periodic sweep waveform is applied to a 
comparator whose reference voltage Vr is not constant but rather is modulated 
by an audio signal, it is possible to obtain a succession of pulses whose relative 
spacing reflects the input information. The result is a téme-modulation system 
of communication. 


16-12 SAMPLE-AND-HOLD CIRCUITS? 


A typical data-acquisition system receives signals from a number of different 
sources and transmits these signals in suitable form to a computer or a commu- 
nication channel. A multiplexer (Sec. 17-5) selects each signal in sequence, 
and then the analog information is converted into a constant voltage over the 
gating-time interval by means of a sample-and-hold circuit. The constant 
output of the sample-and-hold may then be converted to a digital signal 
by means of an analog-to-digital (A/D) converter (Sec. 17-20) for digital 
transmission. 

A sample-and-hold circuit in its simplest form is a switch S in series with 
a capacitor, as in Fig. 16-35a. The voltage across the capacitor tracks the 
input signal during the time 7, when a logic control gate closes S, and holds 
the instantaneous value attained at the end of the interval T,, when the control 
gate opens S. The switch may be a relay (for very slow waveforms), a 
Sampling diode-bridge gate (Sec. 4-7), a bipolar transistor switch,!® or a 
MOSFET controlled by a gating signal. The MOSFET makes an excellent 
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(b) 
Fig. 16-35 Sample-and-hold circuit. (a) Schematic, (b) practical. 


(a 


chopper because its offset vollage when on (~5 »V) is much smaller than that 
of a bipolar junction transistor. 

The circuit shown in Fig. 16-350 is one of the simplest practical sample-and- 
hold circuits. A negative pulse at the gate of the p-channel MOSFET will 
turn the switch on, and the holding capacitor C will charge with a time con- 
stant RonC to the instantaneous value of the input voltage. In the absence | 
of a negative pulse, the switch is turned orr and the capacitor is isolated from 
any load through the LM 102 op amp. Thus it will hold the voltage impressed 
upon it. It is recommended that a capacitor with polycarbonate, poly- 
ethylene, or Teflon dielectric be used. Most other capacitors do not retain 
the stored voltage, due to a polarization phenomenon" which causes the stored 
voltage to decrease with a time constant of several seconds. Even if the 
polarization phenomenon does not occur, the orF current of the switch (~1 nA) 
and the bias current of the or amp will flow through C. Since the maximum 
input bias current for the LM 102 is 10 nA, it follows that with a 10-uF capaci- - 
tance the drift rate during the HoLD period will be less than 1 mV/s. 

Two additional factors influence the operation of the circuit: the reaction 
time, called aperture time (typically less than 100 ns), which is the delay 
between the time that the pulse is applied to the switch and the actual time 
the switch closes, and the acquisition time, which is the time it takes for the 
capacitor to change from one level of holding voltage to the new value of 
input voltage after the switch has closed. 

When the hold capacitor is larger than 0.05 ul, an isolation resistor of 
approximately 10 K should be included between the capacitor and the + input 
of the op amp. This resistor is required to protect the amplifier in case the 
output is short-circuited or the power supplies are abruptly shut down while 
the capacitor is charged. 


16-13 PRECISION AC/DC CONVERTERS?” 


If a sinusoid whose peak value is less than the threshold or cutin voltage V, 
(~0.6 V) is applied to the rectifier circuit of Fig. 4-6, we see that the output 
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(a) (b) 
Fig. 16-36 (a) A precision diode. (b) A precision clamp. 


is zero for all times. In order to be able to rectify millivolt signals, it is clearly 
necessary to reduce V’,. By placing the diode in the feedback loop of an 
op AP, the cutin voltage is divided by the open-loop gain Ay of the amplifier. 
Hence V, is virtually eliminated and the diode approaches the ideal rectifying 
component. If in big. 16-36a the input v; goes positive by at least V,/Ar, 
then v’ exceeds V, and D conducts. Because of the virtual connection between 
the noninverting and inverting inputs (due to the feedback with D on), v. © v;. 
Therefore the circuit acts as a voltage follower for positive signals (in excess of 
approximately 0.1 mV). When v; swings negatively, D is orf and no current 
is delivered to the external load except for the small bias current of the LM 
101A. 


Precision Clamp By modifying the circuit of Fig. 16-36a, as indicated 
in Fig. 16-36), an almost ideal clamp (Sec. 4-5) is obtained. If»; < Ver, then 
v’ is positive and D conducts. As explained above, under these conditions 
the output equals the voltage at the noninverting terminal, or »» = Ve. If 
v; > Ver, then v’ is negative, D is orr, and v, = v; In summary: The output 
follows the input for v; > Vx and », is clamped to Ve if 0; is less than Vz by 
about 0.1 mV. When D is reverse-biased in Fig. 16-36a or b, a large differen- 
tial voltage may appear between the inputs and the op amp must be able to 
withstand this voltage. Also note that when v; > Vr, the input stage satu- 
rates because the feedback through D is missing. 


Fast Half-wave Rectifier By adding R’ and D2 to Fig. 16-36) and 
setting Vz = 0, we obtain the circuit of Fig. 16-37a. If v; goes negative, D1 
is ON, D2 is orr, and the circuit behaves as an inverting op AMP, so that 
v% = —(R’'/R)v;. If v; is positive, D1 is orF and D2 is on. Because of the 
feedback through D2, a virtual ground exists at the input and », = 0. If 0; 
is a sinusoid, the circuit performs half-wave rectification. Because the ampli- 
fier does not saturate, it can provide rectification at frequencies up to 100 kHz. 

An equivalent alternative configuration to that in Fig. 16-37a is to ground 
the left-hand side of R and to impress v; at the noninverting terminal. The 
half-wave-rectified output now has a peak value of (R + R’)/R times the 


Sec. 16-13 ANALOG SYSTEMS / 573 


R R’ R, 


v; Uy Uv, v’ 
D1 | 
T 


D2 


(a) (b) 


Fig. 16-37. (a) A half-wave rectifier. (b) A low-pass 
filter which can be cascaded with the circuit in (a) to 
obtain an average detector. 


7 


maximum sinusoidal input voltage. A full-wave system is indicated in Prob. 
16-43. 


Active Average Detector Consider the circuit of Fig. 16-37a to be 
cascaded with the low-pass filter of Fig. 16-376. If v; is an amplitude-modu- 
lated carrier (Fig. 4-27), the RC filter removes the carrier and v’ is proportional 
to the average value of the audio signal. In other words, this configuration 
represents an average detector. 


Active Peak Detector If a capacitor is added at the output of the 
precision diode of Fig. 16-36a, a peak detector results. The capacitor in 
Fig. 16-38a will hold the output at ¢ = ¢’ to the most positive value attained 
by the input v; prior to ¢’, as indicated in Fig. 16-38b. This operation follows 
from the fact that if v; > v., the op AMP output v’ is positive, so that D con- 
ducts. The capacitor is then charged through D (by the output current of the 
amplifier) to the value of the input because the circuit is a voltage follower. 
When », falls below the capacitor voltage, the op AMP output goes negative 


(a) (b) 


Fig. 16-38 (a) A positive peak detector. (b) An arbitrary input 
waveform »v; and the corresponding output v,. 
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and the diode becomes reverse-biased. Thus the capacitor gets charged to the 
most positive value of the input. 

This circuit is a special case of a sample-and-hold circuit, and the capacitor 
leakage current considerations given in Sec. 16-12 also apply to this configura- 
tion. If the output is loaded, a buffer voltage follower should be used to pre- 
vent the load from discharging C. To reset the circuit, a low-leakage switch 
such as a MOSFET gate must be placed across the capacitor. 


16-14 LOGARITHMIC AMPLIFIERS!? 


In Fig. 16-39a there is indicated an op amp with the feedback resistor R’ 
replaced by the diode D1. This amplifier is used when it is desired to have 
the output voltage proportional to the logarithm of the input voltage. 

From Eq. (3-9) the volt-ampere diode characteristic is 


Ty, = [,(e¥s!1¥r — 1) = [yeVsl Vr 


provided that V;/nVr > 1 or I; >1,. Hence 


Vy = nV r(In I; — |n I.) (16-60) 
Since J; = I, = V,/R due to the virtual ground at the amplifier input, then 
Vo = —Vy = —nVor (in —Iln 1.) (16-61) 


We note from Eq. (16-61) that the output voltage V, is temperature-dependent 
due to the scale factor 7Vr and to the saturation current J,. Both temperature 
effects can be reduced by using the circuit of Fig. 16-396, where the diodes D1 
and D2 are matched, Rr is temperature-dependent, and the constant source I 
is independent of 7’. 


(a) (b) 


Fig. 16-39 (a) Logarithmic amplifier for positive input voltage V;. (b) Tempera- 
ture-compensated amplifier. 
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We have for this circuit, and using Eq. (16-61), 


V. Vi, 
V=Vyrnt+ Vo = Vr(in 7 Int, — In 5g +n.) = —aVr In pF 


Thus the output voltage V; becomes 


Rrt+Rhit+ PR 
o=— Re Rp TT RI (16-62) 


The temperature dependence of Rr is selected to compensate approximately 
for the factor nV7 in Eq. (16-62). 


Ve 


Logarithmic Amplifier Using Matched Transistors Instead of two 
matched diodes, it is possible to use a matched pair of transistors connected 
as in Fig. 16-40a to remove from the expression for Vi the factor 7, whose 
value normally depends on the current flowing through the diode. In Fig. 
16-40a, Q1 is used as the feedback element around the first op amp. If we 
neglect Vez: — Verz with respect to Vcc, and since Ig, K Icz, then 


Ve Vs 


~RitRk, 2Ri (16-68) 


Te. = z>7 and Te 
From Eq. (15-21) it follows that 
V;, Re 


Vom — Vez. = VrinIg — VrinIc. = Vrin{ 5p v= (16-64) 
2R, Vcc 


Since the base of Q1 is grounded, the negative of the above voltage appears 
at the noninverting terminal of the second operational amplifier, whose gain 
is determined by resistors R; and Rs. Hence 


Vo= —Vr Ri + Rs in( Ve 7) (16-65) 


Ry 2Ri Veco 


The above transfer function of the amplifier is plotted in Fig. 16-40 for 
various operating temperatures. It is seen that the dynamic range extends 
over 5 mV to 50 V of input voltage, or 80 dB. From Eq. (16-65), 


dV (® + Rs 43.8 
Vr | —>— = 


te _- — -_- » —_ _.)¢ 
Tin Ri; ) 0.026 X 5 2.20 


which is in excellent agreement with the slope obtained from I*ig. 16-400. 


Antilog Amplifier The amplifiers discussed above give an output V. 
proportional to the natural logarithm of the input V,, or 


Vo = Ky In KiV;, (16-66) 


Sometimes we desire an output proportional to the antilogarithm (In7') 
of the input; that is, 


Vo = Kz In"! KaV, (16-67) 
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Fig. 16-40 (a) Logarithmic amplifier. (b) Transfer characteris- 
tic. (Courtesy of Fairchild Semiconductor, Inc.) 


The circuit shown in Vig. 16-41 can be used as an antilog amplifier. If 
we assume infinite input resistance for A; and A» as well as zero differential 
input voltage for each operational amplifier, we obtain 


Ry 
Ry + Re 
and since V» is the negative of the voltage across D2, 


Vo = —Vy+ Vi. = —nVr(ln Jy — In I.) + V. (16-68) 


Ve = ~—nVr(In Ip — In J,) (16-69) 
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Fig. 16-41 Antilog amplifier. 


Combining Eas. (16-68) and (16-69) yields 
= Vrln = V7 nS (16-70) 
2 


because V, = I2R’. Finally, from Eq. (16-70) it follows that 
Ry 1 
V, = , ] —1 -Vs lS ny TD 6- 1 
R'T, In (a: B77) | (16-71) 


Equation (16-71) is of the form given in Eq. (16-67). 
We show in Prob. 16-45 that it is possible to raise the input V, to an 
arbitrary power by combining log and antilog amplifiers. ~ 


Logarithmic Multiplier The log and antilog amplifiers can be used for 
the multiplication or division of two analog signals V,1 and Vzz._ In Fig. 16-42 


Fig. 16-42 Logarithmic multiplier of two analog signals (V, = 
KV41V_2). 
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Fig. 16-43 Variable transconductance multiplier (V, = KVaiV42). 


the logarithm of each input is taken, then the two logarithms are added, and 
finally the antilog of the sum yields the product of the two inputs. Thus 


V1 = kK, In Vai + K, In Van = Ky In VarVer (16-72) 
and 
Vo 


I 


Ke In71 K3V, = K, In-! (K3Ky In VarVer) (16-73) 
If K3K, = 1, then 
Vo= K2ViiVa2 (16-74) 


The input signals can be divided if we subtract the logarithm of V,; from 
that of V.2 and then take the antilog. We must point out that the logarithmic 
multiplier or divider is useful for unipolar inputs only. This is often called 
one-quadrant operation. Other techniques'® are available for the accurate 
multiplication of two signals. 


Differential Amplifier Multiplier From Eqs. (15-24) and (15-23) we 
observe that the output voltage of a differential amplifier depends on the 
current source J. If V,, is applied to one input and V,» is used to vary I, as 
in Fig. 16-43, the output will be proportional to the product of the two signals 
VaVu2. The device AD 530 manufactured by Analog Devices, Inc., is a com- 
pletely monolithic multiplier/divider with basic accuracy of 1 percent and 
bandwidth of 1 MHz. Asa multiplier, the AD 530 has the transfer function 
XY/10 and as a divider +10Z/X. The X, Y, and Z input levels are +10 V 
for multiplication and the output is +10 Vat 5 mA. As a divider, operation 
is restricted to two quadrants (where X is negative) only. 
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16-15 WAVEFORM GENERATORS? 


The operational amplifier comparator, together with an integrator, can be 
used to generate a’square wave, a pulse, or a triangle waveform, as we now 
demonstrate. 


Square-wave Generator In Fig. 16-44a, the output v, is shunted to 
ground by two Zener diodes connected back to back and is limited to either 
+Vao or —Vuz, if Vy K Vz (Fig. 4-11). A fraction gB => R;3/(Re + R3) of the 
output is fed back to the noninverting input terminal. The differential input 
voltage v; is given by 


Vi = Ve — BUo (16-75) 


From the transfer characteristic of the comparator given in Iig. 16-33 we see 
that if v,; is positive (by at least 1 mV), then v = — Vai, whereas if v; is nega- 
tive (by at least 1 mV), then » = +Vz2. Consider an instant of time when 
v; < Dore < Bvo = BVz2. The capacitor C now charges exponentially toward 
Vz2 through the integrating R’C combination. The output remains constant 
at Vze until v, equals +8Vz2, at which time the comparator output reverses to 
—Vz. Now », charges exponentially toward —Vz:. The output voltage 
v, and capacitor voltage v. waveforms are shown in Fig. 16-446 for the special 
case Vzi = Vz2 = Vz. If we Jet t = 0 when v, = —SVz for the first half 
cycle, we have 


ve(t) = Vall — (1 + Boe /*C] (16-76) 


+BY, 


(a) (b) 


Fig. 16-44 (a) A square-wave generator. (b) Output and capacitor 
voltage waveforms. 
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Since at ¢ = T/2, v(t) = +8Vz, we find T, solving Eq. (16-76), to be given by 


T = 2R'C In toa (16-77) 
Note that T is independent of Vz. 

This square-wave generator is particularly useful in the frequency range 
10 Hz to 10 kHz. At higher frequencies the delay time of the operational 
amplifier as it moves out of saturation, through its linear range, and back to 
saturation in the opposite direction, becomes significant. Also, the slew rate 
of the operational amplifier limits the slope of the output square wave. The 
frequency stability depends mainly upon the Zener-diode stability and the 
capacitor, whereas waveform symmetry depends on the matching of the two 
Zener diodes. If an unsymmetrical square wave is desired, then Vz1 # Vzp. 

The circuit will operate in essentially the same manner as described above 
if Ry = 0 and the avalanche diodes are omitted. However, now the amplitude 
of the square wave depends upon the power supply voltage (+5.8 V for the 
MC 1530, using +6 V supplies as in Sec. 15-5). 

The circuit of Fig. 16-44 is called an astable multivibrator because it has 
two quasistable states. The output remains in one of these states for a time 
T, and then abruptly changes to the second state for a time T2, and the cycle 
of period T = T, + T, repeats. 


Pulse Generator <A monostable multivibrator has one stable state and one 
quasistable state. The circuit remains in its stable state until a triggering 
signal causes a transition to the quasistable state. Then, after a time T, the 
circuit returns to its stable state. Hence a single pulse has been generated, 
and the circuit is referred to as a one-shot. 

The square-wave generator of Fig. 16-44 is modified in Fig. 16-45 to 
operate as a monostable multivibrator by adding a diode (D1) clamp across C 
and by introducing a narrow negative triggering pulse through D2 to the non- 
inverting terminal. To see how the circuit operates, assume that it is in its 
stable state with the output at v» = +Vz and the capacitor clamped at 


ve = Vi = 0.7 V 


(the on voltage of D1 with BVz > V,). If the trigger amplitude is greater 
than 6Vz — Vi, then it will cause the comparator to switch to an output 
Yo = —Vz. The capacitor will now charge through R’ toward — Vz because 
D1 becomes reverse biased. When v, becomes more negative than —6Vz, the 
comparator output swings back to +Vz. The capacitor now starts charging 
toward +Vz through R’ until v, reaches V; and C becomes clamped again at 
ve = Vy. In Prob. 16-48 we find that the pulse width T is given by 


T=RCln tO) 


a (16-78) 
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(a) ~ (b) 


Fig. 16-45 (a) Monostable multivibrator. (b) Output and capacitor voltage 
waveforms. 


If Vz > Vi and R. = R3, so that B = 4, then T = 0.69R’C. For short pulse 
widths the switching times of the comparator become important and limit the 
operation of the circuit. If R, = 0 and the Zener diodes are omitted, Eq. 
(16-78) remains valid with Vz = Veco — Veg,sat (Sec. 15-5). 


Triangle-wave Generator We observe from Fig. 16-44b that +, has a 
triangular waveshape but that the sides of the triangles are exponentials rather 
than straight lines. To linearize the triangles, it is required that C be charged 
with a constant current rather than the exponential current supplied through R 
in Fig. 16-44b. In Fig. 16-46 an op amp integrator is used to supply constant 
current to C so that the output is linear. Because of the inversion through the 
integrator, this voltage is fed back to the noninverting terminal of the com- 
parator in this circuit rather than to the inverting terminal as in Fig. 16-44. 

When the comparator has reached either the positive or negative satura- 
tion state, the matched Zener diodes will clamp the voltage V4 at either +Vz 
or —Vz. Let us assume that V4 = +Vzaté=t. The current flowing into 
the integrator is 


Vz 
+ 4 - 
t R3+ Rg (16-79) 
and the integrator output becomes a negative-going ramp, or 
+ 
volt) = vlts) — % fT dt = v6lbe) - a (t — t,) (16-80) 


The voltage at pin 3 of the threshold detector is, using superposition, 


»,(t) = RsVz 4 (Ri + Re)vo(t) 
; Ri+R.+ Rs Rit Rot Rs 


(16-81) 
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Integrator 


(b) 


Fig. 16-46 (a) Practical triangle-wave generator. (b) Output waveform. 
(Courtesy of National Semiconductor Corp.) 


When 2;(t) goes through zero and becomes negative, the comparator output 
changes to the negative-output state and V4 = —Vz. At this time, ¢ = th, 
v3(t1) = 0, or from Eq. (16-81) we find 
— _ fs 
kit R, 
The current supplied to the integrator for tf; > t > t; is 
— Vz _ 
Rs + R, 
and the integrator output v,(¢) becomes a positive-going ramp with the same 
slope as the negative-going ramp. At a time t2, when 
Rs 
Rit Rk, 


the comparator switches again to its positive output and the cycle repeats. 


V(t) = Vz (16-82) 


I- = —It 


Vo(te) = + Vz (16-83) 
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The frequency of the triangle wave is determined from Eq. (16-80) and 
Fig. (16-46) to be given by 


_ Rm+R 
4(Rs + Ri) RsC 


f (16-84) 
The amplitude can be controlled by the ratio R;sVz/(R; + R2). The positive 
and negative peaks are equal if the Zener diodes are matched. It is possible 
to offset the triangle with respect to ground if we connect a de voltage to the 
inverting terminal of the threshold detector or comparator. 

The practical circuit shown in Fig. 16-46 makes use of the LH 101 op amp, 
which is internally compensated for unity-gain feed-back. This monolithic 
integrated op amp has maximum input offset voltage of 5 mV and maximum 
input bias current of 500 nA. For symmetry of operation the current into 
the integrator should be large with respect to Ipias, and the peak of the output 
triangle voltage should be large with respect to the input offset voltage. 

The design of monostable and astable generators using discrete com- 
ponents is considered in detail in Ref. 3, Chap. 11.° One shots constructed 
from logic gates are indicated in Prob. 17-57. 


16-16 REGENERATIVE COMPARATOR (SCHMITT TRIGGER)!# 


As indicated in lig. 16-33, the transfer characteristic of the \1C1530 piFF 
AMP makes the change in output from —5 V to +5 V for a swing of 2 mV 
in input voltage. Hence the average slope of this curve or the large-signal 
voltage gain Ay is Ay = 10/2 X 10-3 = 5,000. (The incremental gain at the 
center of the characteristic is calculated in Sec. 15-5 to be 8,670.) By employ- 
ing positive (regenerative) voltage-series feedback, as is done in Figs. 16-44 and 
16-45 for the astable and monostable multivibrators, the gain may be increased 
greatly. Consequently the total output excursion takes place in a time inter- 
val during which the input is changing by much less than 2 mV. Theo- 
retically, if the loop gain —@Ay is adjusted to be unity, then the gain with 
feedback Ay; becomes infinite [Eq. (13-4)]. Such an idealized situation results 
in an abrupt (zero rise time) transition between the extreme values of output 
voltage. If a loop gain in excess of unity is chosen, the output waveform 
continues to be virtually discontinuous at the comparison voltage. However, 
the circuit now exhibits a phenomenon called hysteresis, or backlash, which is 
explained below. 

The regenerative comparator of Fig. 16-47a is commonly referred to as a 
Schmitt trigger (after the inventor of a vacuum-tube version of thiscircuit). The 
input voltage is applied to the inverting terminal 2 and the feedback voltage 
to the noninverting terminal 1. The feedback factor is 8 = R2/(Ri + R2). 
For R, = 1000, R, = 10 K, and Ay = —5,000, the loop gain is 

5,000 


—BAy =0.1X 101 7 49.5 > 1 
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Fig. 16-47 (a) A Schmitt 
trigger. The transfer char- 
acteristics for (b) increas- 
ing v; and (c) decreasing 1;. 
(d) The compositive input- 
output curve. 


Assume that v; < 1, so that » = +V, (+5 V). Then, using superposition, 
we find from Fig. 16-47a that 
RiVe : Rov, 

= =V 16-85 
‘RRS RR (16-89) 
If v; is now increased, then v, remains constant at V., and v; = V; = constant 
untilv; = Vy. At this threshold, critical, or triggering voltage, the output regen- 
eratively switches to », = —V, and remains at this value as long as v1; > Vi. 
This transfer characteristic is indicated in lig. 16-470. 

The voltage at the noninverting terminal for v; > V, is 

_ RiVr _ RV, 

‘Rit R, Ri +R, 


For the parameter values given in Fig. 16-47 and with V, = 5 V, 
Vi = 0.99 + 0.05 = 1.04 V 
V. = 0.99 — 0.05 = 0.94 V 


v 


v =V, (16-86) 


Note that V2 < Vj, and the difference between these two values is called the 
hysteresis Vx. 


Vu = Vi _ V2 = 0.10 V o (16-87) 
If we now decrease v;, then the output remains at —V, until v; equals 


the voltage at terminal 1 or until 1; = V2. At this voltage a regenerative 
transition takes place and, as indicated in Fig. 16-47c, the output returns to 
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+V, almost instantaneously. The complete transfer function is indicated in 
Fig. 16-47c, where the shaded portions may be traversed in either direction, 
but the solid segments can only be obtained if v; varies as indicated by the 
arrows. Note that because of the hysteresis, the circuit triggers at a higher 
voltage for increasing than for decreasing signals. 

We note above that transfer gain increases from 5,000 toward infinity as 
the loop gain increases from zero to unity, and that there is no hysteresis as 
long as —BAy <1. However, adjusting the gain precisely to unity is not 
feasible. The pirF AMP parameters and, hence the gain Ay, are variable 
over the signal excursion. Hence an adjustment which ensures that the maxi- 
mum loop gain is unity would result in voltage ranges where this amplification 
is less than unity, with a consequent loss in speed of response of the circuit. 
Furthermore, the circuit may not be stable enough to maintain a loop gain of 
precisely unity for a long period of time without frequent readjustment. In 
practice, therefore, a loop gain in excess of unity is chosen and a small amount 
of hysteresis is tolerated. In most cases a small value of Vy is not a matter 
of concern. In other applications a large backlash range will not allow the 
circuit to function properly. Thus if the peak-to-peak signal were smaller 
than Vy, then the Schmitt circuit, having responded at a threshold voltage 
by a transition in one direction, would never reset itself. In other words, once 
the output has jumped to, say, V., it would remain at this level and never 
return to — V,. ; 

The most important use made of the Schmitt trigger is to convert a very 
slowly varying input voltage into an output having an abrupt (almost dis- 
continuous) waveform, occurring at a precise value of input voltage. This 
regenerative comparator may be used in all the applications listed in Sec. 
16-11. For example, the use of the Schmitt trigger as a squaring circuit is 
illustrated in Fig. 16-48. The input signal is arbitrary except that it has a 
large enough excursion to carry the input beyond the limits of the hysteresis 
range Vy. The output is a square wave as shown, the amplitude of which is 
independent of the peak-to-peak value of the input waveform. The output 
has much faster leading and trailing edges than does the input. 

The design of a Schmitt trigger from discrete components is explained in 
detail in Ref. 3, Sees. 10-11 and 10-13. 


Fig. 16-48 Response of the Schmitt trigger 
to an arbitrary input signal. 
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16-17 EMITTER-COUPLED LOGIC (ECL)! 


The transfer characteristic of the difference amplifier is discussed in Sec. 15-4. 
We find that the emitter current remains essentially constant and that this 
current is switched from one transistor to the other as the signal at the input 
transistor varies from about 0.1 V below to 0.1 V above the reference voltage 
Vaz at the base of the second transistor (Fig. 15-9). Except for a very narrow 
range of input voltage the output voltage takes on only one of two possible 
values and, hence, behaves as a binary circuit. Hence the pirr AMF, which 
is considered in detail in this chapter on analog systems, is also important as a 
digital device. A logic family based upon this basic building block is called 
emttter-coupled logic (ECL) or current-mode logic (CML). Since in the pirr 
AMP clipper or comparator neither transistor is allowed to go into saturation, 
the ECL is the fastest of all logic families (Table 6-5); a propagation delay 
time as low as I ns per gate is possible. The high speed (and high fan out) 
attainable with ECL is offset by the increased power dissipation per gate 
relative to that of the saturating logic families. 

A 2-input or (and also Nor) gate is drawn in Fig. 16-49a. This circuit 
is obtained from Fig. 15-6 by using two transistors in parallel at the input. 
Consider positive logic. If both A and B are low, then neither Q1 nor Q2 
conducts whereas Q3 is in its active region. Under these circumstances Y is 
low and Y’ is high. If either A or B is high, then the emitter current switches 
to the input transistor the base of which is high, and the collector current of 
Q3 drops approximately to zero. Hence Y goes high and Y’ drops in voltage. 
Note that or logic is performed at the output Y and nor logic at Y’, so that 
Y’= Y. The logie symbol for such an or gate with both true and false 
outputs is indicated in Fig. 16-49). The availability of complementary out- 


A ¥ (oR) 


Van B ¥ (Nor) 


(a) _ Veg (d) 


Fig. 16-49 (a) irr amp converted into a 2-input emitter- 
coupled logic circuit. (b) The symbol for a 2-input 
or/NOR gate. 
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— Vee = —5.20V 


Fig. 16-50 A 3-input ECL or/nor gate, with no dc-level shift between input and out- 
put voltages. 


puts is clearly an advantage to the logic design engineer since it avoids the 
necessity of adding gates simply as inverters. 

One of the difficulties with ECL topology of Fig. 16-49a is that the V(0) 
and V(1) levels at the outputs differ from those at the inputs. Hence emitter 
followers Q5 and 6 are used at the outputs to provide the proper de-level 
shifts. The basic Motorola ECL 3-input gate is shown in Fig. 16-50. The 
reference voltage — Vga is obtained from a temperature-compensated network 
(not indicated). The quantitative operation of the gate is given in the follow- 
ing ulustrative problem. 


A va SSS SSS SoS SS 
EXAMPLE (a) What are the logic levels at output Y of the ECL gate of Fig. 
16-50? Assume a drop of 0.7 V between base and emitter of a conducting tran- 
sistor. (6) Calculate the noise margins. (c) Verify that a conducting transistor 
is in its active region (not in saturation). (d) Calculate R so that the logic levels 
at Y’ are the complements of those at Y. (e) Find the average power dissipated 
by the gate. 


Solution (a) If all inputs are low, then assume transistors Q1, Q2, and Q3 are 
cut off and @4 is conducting. The voltage at the common emitter is 


Ve = —1.15 — 0.7 = —-1.85 V 


The current J in the 1.18-K resistance is 


I= — 1.85 + 5.20 = 284 mA 


1.18 
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Neglecting the base current compared with the emitter current, 7 is the current 
in the 300-2 resistance and the output voltage at Y is 


vy = —0.381 — Vazs = —(0.3) (2.84) — 0.7 = —1.55 V = V0) 


If all inputs are at V(0) = —1.55 V and Ve = —1.85 V, then the base-to- 
emitter voltage of an input transistor is 


Vez = —1.55 + 1.85 = 0.30 V 


Since the cutin voltage is Vez,cutin = 0.5 V (Table 5-1), then the input transistors 
are nonconducting, as was assumed above. 

If at least one input is high, then assume that the current in the 1.18-K resis- 
tance is switched to R, and Q4 is cut off. The drop in the 300-22 resistance is 
then zero. Since the base and collector of Q5 are effectively tied together, 
Q5 now behaves as a diode. Assuming 0.7 V across Q5 as a first approximation, 
the diode current is (5.20 — 0.7)/1.5 = 3.0 mA. From Fig. 7-19a the diode 
voltage for 3.0 mA is 0.75 V. Hence 


vy = —0.75 V = Vii) 
If one input is at —0.75 V, then Ve = —0.75 — 0.7 = —1.45 V, and 
Var, = —1.15 + 1.45 = 0.30 V 


which verifies the assumption that Q4 is cutoff; since Vaz,cutin = 0.5 V. 

Note that the total output swing between the two logic levels is only 1.55 ~ 
0.75 = 0.80 V (800 mV). This voltage is much smaller than the value (in excess 
of 4 V) obtained with a DTL or TTL gate. 

(b) If all inputs are at V(0), then the calculation in part (a) shows that an 
input transistor is within 0.50 — 0.30 = 0.20 V of cutin. Hence a positive noise 
spike of 0.20 V will cause the gate to malfunction. 

If one input is at V(1), then we find in part (a) that Vex, = 0.30 V. Hence 
a negative noise spike at the input of 0.20 V drops Vz by the same amount and 
brings Ver, to 0.5 V, or to the edge of conduction. Note that the noise margins 
are quite small (+200 mV). 

(c) From part (a) we have that, when @Q4 is conducting, its collector voltage 
with respect to ground is the drop in the 300-0 resistance, or Ve, = — (0.3) (2.84) = 
—0.85 V. Hence the collector junction voltage is 


Voss = Vea — Vag = —0.85 + 1.15 = 40.30 V 


For an n-p-n transistor this represents a reverse bias, and Q4 must be in its active 
region. 

If any input, say A, is at V(1) = —0.75 V = Vay, then Q1 is conducting 
and the output Y’ = ¥Y = V(0) = —1.55 V. The collector of Q1 is more positive 
than V(0) by Vaze, or 


Vo. = —1.55 + 0.7 = —0.85 V 
and 
Ven = Ver _ Vai = —0.85 + 0.75 = —0.10 V 
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For an n-p-n transistor this represents a forward bias, but one whose magnitude is 
less than the cutin voltage of 0.5 V. Therefore Q1 is not in saturation; it is in its 
active region. 

(d) If input A is at V(1), then Q1 conducts and Q4 is orF. Then 


Ve = V(1l) — Van = —0.75 — 0.7 = —-1.45 V 


In part (c) we find that, if Y’ = Y, then Ve) = —0.85 V. This value represents 
the drop across RF if we neglect the base current of Q1. Hence 


R= 28? _ 097 K = 2700 
3.17 


This value of R ensures that, if an input is V(1), then Y’ = V(O). If all inputs 
are at V(Q) = —1.55 V, then the current through R is zero and the output is 
—0.75 V = V(1), independent of R. 

Note that, if J had remained constant as the input changed state (true 
current-mode switching), then R would be identical to the collector resistance 
(300 Q) of Q4. The above calculation shows that R is slightly smaller than this 
value. 

(e) If the input is low, J = 2.84 mA (part a), whereas if the input is high, 
I = 3.17 mA (part d). The average I is $(2.84 + 3.17) = 3.00 mA. Since 
V(0) = —0.75 V and V(1) = —1.55 V, the currents in the two emitter followers 
are 

5.20 — 0.75 — 296 mA and 5.20 — 1.55 — 240 mA 

1.50 1.50 

The total power supply current drain is 3.00 + 2.96 + 2.40 = 8.36 mA and the 

power dissipation is (5.20) (8.36) = 43.5 mW. 

nr 

Note that the current drain from the power supply varies very little as 
the input switches from one state to the other. Hence power line spikes (of 
the type discussed in Sec. 6-12 for TTL gates) are virtually nonexistent. 

The input resistance can be considered infinite if all inputs are low so 
that all input transistors are cut off. If an input is high, then Q4 is orr, 
and the input resistance corresponds to a transistor with an emitter resistor 
R, = 1.18 K, and from Eq. (8-55) a reasonable estimate is R; ~ 100 K. The 


Y 
A 
B y, 
Fig. 16-51 An implied-or connection at the 1 
output of two ECL gates. C y,|¥" Yi + Ya 
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output resistance is that of an emitter-follower (or a diode) and a reasonable 
value is R, = 159. 

If the outputs of two or more ECL gates are tied together as in Fig. 16-51, 
then wired-or logic (Sec. 6-10) is obtained (Prob. 16-53). Open-emitter gates 
are available for use in this application. 


Summary The principal characteristics of the ECL gate are summarized 
below: 


Advantages 


1. Since the transistors do not saturate, then the highest speed of any 
logic family is available. , 
2. Since the input resistance is very high and the output resistance is very 
low, a large fan out is possible. 
. Complementary outputs are available. 
. Current switching spikes are not present in the power supply leads. 
. Outputs can be tied together to give the implied-or function. 
There is little degradation of parameters with variations in temperature. 
. The number of functions available is high. 
. Easy data transmission over long distances by means of balanced 
twisted-pair 50-0 lines is possible.'® 


ON Dap w 


Disadvantages 


1. A small voltage difference (800 mV) exists between the two logic levels 
and the noise margin is only +200 mV. 

2. The power dissipation is high relative to the other logic families. 

3. Level shifters are required for interfacing with other families. 

4. The gate is slowed down by heavy capacitive loading. 
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REVIEW QUESTIONS 


16-1 Indicate an op amp connected as (a) an inverter, (b) a scale changer, (c) a 
phase shifter, and (d) an adder. 

16-2. Draw the circuit of a voltage-to-current converter if the load is (a) floating and 
(b) grounded. 

16-3 Draw the circuit of a current-to-voltage converter. Explain its operation. 

16-4 Draw the circuit of a de voltage follower and explain its operation. 

16-5 Draw the circuit of a de differential amplifier having (a) low input resistance 
and (b) high input resistance. 

16-6 Draw the circuit of an ac voltage follower having very high input resistance. 
Explain its operation. 

16-7 Draw the circuit of an op amp integrator and indicate how to apply the 
initial condition. Explain its operation. 

16-8 Sketch the idealized characteristics for the following filter types: (a) low- 
pass, (b) high-pass, (c) bandpass, and (d) band-rejection. 

16-9 Draw the prototype for a low-pass active-filter section of (a) first order, (b) 
second order, and (c) third order. 

16-10 (a) Obtain the frequency response of an RLC circuit in terms of w, and Q. 
(6) Verify that the bandwidth is given by f,/Q. (c) What is meant by an active. 
resonant bandpass filter? 
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16-11 (a) Asignal V, is applied to the inverting terminal (2) of an op amp through 
Z, and to the noninverting terminal (1) through Z.. From (1) to ground is an imped- 
ance Z;3, and between (2) and the output is Z,. Derive the expression for the gain. 
(b) How should Z;, Z2, Z3, and Z, be chosen so that the circuit behaves as a delay 
equalizer? 

16-12 (a) Sketch the basic building block for an IC tuned amplifier. (6) 
Explain how automatic gain control (AGC) is obtained. (c) Why does AGC not 
cause detuning? 

16-13 Define the y-parameters (a) by equations and (b) in words. (c) Fora 
cascode circuit which y-parameter is negligible? 

16-14 Draw the circuit of an amplitude modulator and explain its operation. 

16-15 (a) Draw the circuit of an IC video amplifier with AGC. (b) Sketch the 
small-signal model. 

16-16 (a) What does an IC comparator consist of? (6) Sketch the transfer 
characteristic and indicate typical voltage values. 

16-17 Sketch the circuit for converting a sinusoid (a) into a square wave and (0) 
into a series of positive pulses, one per cycle. 

16-18 Explain how to measure the phase difference between two sinusoids. 

16-19 Sketch a sample-and-hold circuit and explain its operation. 

16-20 Sketch the circuit of a precision (a) diode and (6) clamp and explain their 
operation. 

16-21 (a) Sketch the circuit of a fast half-wave rectifier and explain its operation. 
(b) How is this circuit converted into an average detector? 

16-22 Sketch the circuit of a peak detector and explain its operation. 

16-23 (a) Sketch the circuit of a logarithmic amplifier using one oP AMP and 
explain its operation. (b) More complicated logarithmic amplifiers are given in Sec. 
16-14. What purpose is served by these circuits? 

16-24 In schematic form indicate how to multiply two analog voltages with log- 
antilog amplifiers. 

16-25 Explain how to multiply two analog voltages using a DIFF AMP. 

16-26 (a) Draw the circuit of a square-wave generator using an OP AMP. (6) 
Explain its operation by drawing the capacitor voltage waveform. (c) Derive the 
expression for the period of a symmetrical waveform. 

16-27 (a) Draw the circuit of a pulse generator (a monostable multivibrator) 
using an op AMP. (6) Explain its operation by referring to the capacitor waveform. 

16-28 (a) Draw the circuit of a triangle generator using a comparator and an 
integrator. (b) Explain its operation by referring to the output waveform. (c) What 
is the peak amplitude? 

16-29 (a) Sketch a regenerative comparator system and explain its operation. 
(b) What parameters determine the loop gain? (c) What parameters determine the 
hysteresis? (d) Sketch the transfer characteristic and indicate the hysteresis. 

16-30 (a) Sketch a 2-input or (and also Nor) ECL gate. (b) What parameters 
determine the noise margin? (c) Why are the two collector resistors unequal? (d) 
Explain why power line spikes are virtually nonexistent. 

16-31 List and discuss at least four advantages and four disadvantages of the 
ECL gate. 
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CHAPTER 1 


1-1 


1-2 


1-4 


(a) The distance between the plates of a plane-parallel capacitor is 1 em. An 
electron starts at rest at the negative plate. If a direct voltage of 1,000 V 
is applied, how long will it take the electron to reach the positive plate? 

(b) What is the magnitude of the force which is exerted on the electron at the 
beginning and at the end of its path? 


~(c) What is its final velocity? 


(d) If a 60-Hz sinusoidal voltage of peak value 1,000 V is applied, how long will 
the time of transit be? Assume that the electron is released with zero velocity 
at the instant of time when the applied voltage is passing through zero. Hunt: 
Expand the sine function into a power series. Thus sin #6 = 6 — 63/3! + 
65/5! a 

The plates of a parallel-plate capacitor are d m apart. At ¢ = 0 an electron is 
released at the bottom plate with a velocity v, (meters per second) normal to the 
plates. The potential of the top plate with respect to the bottom is — Vi» sin wt. 
(a) Find the position of the electron at any time ¢. 

(6) Find the value of the electric field intensity at the instant when the velocity 
of the electron is zero. 


An electron is released with zero initial velocity from the lower of a pair of hori- 
zontal plates which are 3 cm apart. The accelerating potential between these 
plates increases from zero linearly with time at the rate of 10 V/us. When 
the electron is 2.8 em from the bottom plate, a reverse voltage of 50 V replaces 
the linearly rising voltage. 

(a) What is the instantaneous potential between the plates at the time of the 
potential reversal? 

(6) With which electrode does the electron collide? 

(c) What is the time of flight? 

(d) What is the impact velocity of the electron? 

A 100-eV hydrogen ion is released in the center of the plates, as shown in the 
figure. The voltage between the plates varies linearly from 0 to 50 V in 1077s 
and then drops immediately to zero and remains at zero. The separation 
between the plates is 2 cm. If the ion enters the region between the plates at 


765 
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time ¢ = 0, how far will it be displaced from the X axis upon emergence from 
between the plates? 


oT 


Vo —> 2cm 


1-5 


1-6 


1-7 


1-8 


| Prob. 1-4 


|. 5 em——+| 


Electrons are projected into the region of constant electric field intensity of 
magnitude 5 X 10% V/m that exists vertically. The electron-emitting device 
makes an angle of 30° with the horizontal. It ejects the electrons with an 
energy of 100 eV. 


3cm——-———~o H 
90° 


Prob. 1-5 


30° 


(a) How long does it take an electron leaving the emitting device to pass through 
a hole H at a horizontal distance of 3 cm from the position of the emitting device? 
Refer to the figure. Assume that the field is downward. 

(6) What must be the distance d in order that the particles emerge through the 
hole? ; 

(c) Repeat parts a and b for the case where the field is upward. 


(a) Anelectron is emitted from an electrode with a negligible initial velocity and 
is accelerated by a potential of 1,000 V. Calculate the final velocity of the 
particle. 

(6) Repeat the problem for the case of a deuterium ion (heavy hydrogen ion— 
atomic weight 2.01) that has been introduced into the electric field with an initial 
velocity of 105 m/s. 

An electron having an initial kinetic energy of 10-18 J at the surface of one of 
two parallel-plane electrodes and moving normal to the surface is slowed down 
by the retarding field caused by a 400-V potential applied between the electrodes. 
(a) Will the electron reach the second electrode? 

(6) What retarding potential would be required for the electron to reach the 


second electrode with zero velocity? 


In a certain plane-parallel diode the potential V is given as a function of the 
distance x between electrodes by the equation 


V = kz 


where k is a constant. 
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(a) Find an expression for the time it will take an electron that leaves the elec- 
trode with the lower potential with zero initial velocity to reach the electrode 
with the higher potential, a distance d away. 

(b) Find an expression for the velocity of this electron. 


1-9 The essential features of the displaying tube of an oscilloscope are shown in 
the accompanying figure. The voltage difference between K and A is V, and 
between P, and P,is V,. Neither electric field affects the other one. The elec- 
trons are emitted from the electrode K with initial zero velocity, and they pass 
through a hole in the middle of electrode A. Because of the field between P; and 
P, they change direction while they pass through these plates and, after that, 
move with constant velocity toward the screen S. The distance between plates 
is d, 


Prob. 1-9 | 


(a) Find the velocity v, of the electrons as a function of V, as they cross A. 

(b) Find the Y-component of velocity v, of the electrons as they come out of 
the field of plates P, and P, as a function of Vp, la, d, and vz. 

(c) Find the distance from the middle of the screen (d,), when the electrons 
reach the screen, as a function of tube distances and applied voltages. 

(d) For V, = 1.0 kV, and V, = 10 V, la = 1.27 em, d = 0.475 cm, and J, = 
19.4 cm, find the numerical values of v,, vy, and d,. 

(e) If we want to have a deflection of d, == 10 cm of the electron beam, what 
must be the value of V,? 

1-10 A diode consists of a plane emitter and a plane-parallel anode separated by a dis- 
tance of 0.5 em. ‘The anode is maintained at a potential of 10 V negative with 
respect to the cathode. 

(a) If an electron leaves the emitter with a speed of 10® m/s, and is directed 
toward the anode, at what distance from the cathode will it intersect the poten- 
tial-energy barrier? 

(b) With what speed must the electron leave the emitter in order to be able to 
reach the anode? 

1-11 A particle when displaced from its equilibrium position is subject to a linear 
restoring force f = —kz, where z is the displacement measured from the equi- 
librium position. Show by the energy method that the particle will execute 
periodic vibrations with a maximum displacement which is proportional to the 
square root of the total energy of the particle. 
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1-12 


1-13 


1-15 


1-16 
1-17 


A particle of mass m is projected vertically upward in the earth’s gravitational 
field with a speed t,. 

(a) Show by the energy method that this particle will reverse its direction at the 
height of v,?/2g, where g is the acceleration of gravity. 

(b) Show that the point of reversal corresponds to a “collision” with the poten- 
tial-energy barrier. 

(a) Prove Eq. (1-13). 

(b) For the hydrogen atom show that the possible radii in meters are given by 


_ Aeon? 
mmg? [ 
where n is any integer but not zero. For the ground state (n = 1) show that 
the radius is 0.53 A. 


Show that the time for one revolution of the electron in the hydrogen atom in 
a circular path about the nucleus is 


. mig? 
4V2€(—-I)} 


where the symbols are as defined in Sec. 1-4. 


For the hydrogen atom show that the reciprocal of the wavelength (called the 
wave number) of the spectral lines is given, in waves per meter, by 


1 
L_pfi_t 
rN ne? ny? 


where n; and ne are integers, with n, greater than no, and R = mq!/8e,2h3c = 
1.10 X 107 m7 is called the Rydberg constant. 

If nz = 1, this formula gives a series of lines in the ultraviolet, called the 
Lyman series. If n2 = 2, the formula gives a series of lines in the visible, called 
the Balmer series. Similarly, the series for nz = 3 is called the Paschen serves. 
These predicted lines are observed in the hydrogen spectrum. 

Show that Eq. (1-14) is equivalent to Eq. (1-11). 

(a) A photon of wavelength 1,026 A is absorbed by hydrogen, and two other 
photons are emitted. If one of these is the 1,216 A line, what is the wavelength 
of the second photon? 

(6) If the result of bombardment of the hydrogen was the presence of the 
fluorescent lines 18,751 and 1,026 A, what wavelength must have been present 
in the bombarding radiation? 

The seven lowest energy levels of sodium vapor are 0, 2.10, 3.19, 3.60, 3.75, 4.10, 
and 4.26 eV. A photon of wavelength 3,300 A is absorbed by an atom of the 
vapor. 

(a) What are all the possible fluorescent lines that may appear? 

(6) If three photons are emitted and one of these is the 11,380-A line, what are 
the wavelengths of the other two photons? 

(c) Between what energy states do the transitions take place in order to produce 
these lines? 
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1-19 


1-20 


1-21 


1-22 


1-23 


1-24 


1-25 


(a) With what speed must an electron be traveling in a sodium-vapor lamp in 
order to excite the yellow line whose wavelength is 5,893 A? 

(b) What should be the frequency of a photon in order to excite the same yellow 
line? 

(c) What would happen if the frequency of the photon was 530 or 490 THz 
(T = Tera = 101)? 

(d) What should be the minimum frequency of the photon in order to ionize 
an unexcited atom of sodium vapor? 

(e) What should be the minimum speed of an electron in order to ionize an 
unexcited atom of sodium vapor? Ionization of sodium vapor: 5.12 eV. 


An x-ray tube is essentially a high-voltage diode. The electrons from the hot 
filament are accelerated by the plate supply voltage so that they fall upon the 
anode with considerable energy. They are thus able to effect transitions among 
the tightly bound electrons of the atoms in the solid of which the target (the 
anode) is constructed. 

(a) What is the minimum voltage that must be applied across the tube in order 
to produce x-rays having a wavelength of 0.5 A? 

(b) What is the minimum wavelength in the spectrum of an x-ray tube across 
which is maintained 60 kV? 


Argon resonance radiation corresponding to an energy of 11.6 eV falls upon 
sodium vapor. If a photon ionizes an unexcited sodium atom, with what speed 
is the electron ejected? The ionization potential of sodium is 5.12 eV. 


A radio transmitter radiates 1,000 W at a frequency of 10 MHz. 
(a) What is the energy of each radiated quantum in electron volts? 
(6) How many quanta are emitted per second? 


_ (c) How many quanta are emitted in each period of oscillation of the electro- 


magnetic field? 
(d) If each quantum acts as a particle, what is its momentum? 


What is the wavelength of (a) a mass of 1 kg moving with a speed of 1 m/s, 
(6) an electron which has been accelerated from rest through a potential differ- 
ence of 10 V? 


Classical physics is valid as long as the physical dimensions of the system are 
much larger than the De Broglie wavelength. Determine whether the particle 
is classical in each of the following cases: 

(a) An electron accelerated through a potential of 300 V in a device whose dimen- 
sions are of the order of 1 cm. 

(6) An electron in the electron beam of a cathode-ray tube (anode-cathode 
voltage = 25 kV). 

(c) The electron in a hydrogen atom. 

A photon of wavelength 1,216 A excites a hydrogen atom which is at rest. 
Calculate 

(a) The photon momentum imparted to the atom. 

(6) The energy corresponding to this momentum and imparted to the hydrogen 
atom. 


(c) The ratio of the energy found in part b to the energy of the photon. Hunt: 
Use conservation of momentum. 
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CHAPTER 2 


2-1 


2-2 


2-3 


2-4 


2-5 


2-6 


2-7 


2-8 


2-9 


2-10 


2-11 


Prove that the concentration n of free electrons per cubic meter of a metal is 
given by 


dv _ A.dv X 108 
M A 


where d = density, kg/m? 
vy = valence, free electrons per atom 

A = atomic weight 

M = weight of atom of unit atomic weight, kg (Appendix A) 

A, = Avogadro’s number, molecules/mole 
The specific density of tungsten is 18.8 g/cm’, and its atomic weight is 184.0. 
Assume that there are two free electrons per atom. Calculate the concentration 
of free electrons. 


(a) Compute the conductivity of copper for which » = 34.8 cm?/V-s and 
d = 8.9 g/cm*. Use the result of Prob. 2-1. 

(b) If an electric field is applied across such a copper bar with an intensity of 
10 V/cm, find the average velocity of the free electrons. 

Compute the mobility of the free electrons in aluminum for which the density 
is 2.70 g/cm? and the resistivity is 3.44 X 10° Q-cm. Assume that aluminum 
has three valence electrons per atom. Use the result of Prob. 2-1. | 

The resistance of No. 18 copper wire (diameter = 1.03 mm) is 6.51 Q per 1,000 ft. 
The concentration of free electrons in copper is 8.4 X 1078 electrons/m*. If 
the current is 2 A, find the (a) drift velocity, (6) mobility, (c) conductivity. 
(a) Determine the concentration of free electrons and holes in a sample of 
germanium at 300°K which has a concentration of donor atoms equal to 2 X 10% 
atoms/cm? and a concentration of acceptor atoms equal to 3 X 10'4 atoms/cm’. 
Is this p- or n-type germanium? In other words, is the conductivity due pri- 
marily to holes or to electrons? 

(b) Repeat part a for equal donor and acceptor concentrations of 101 atoms/cm$, 
Is this p- or n-type germanium? 

(c) Repeat part a for donor concentration of 10'® atoms/cm’ and acceptor con- 
centration 10!4 atoms/cm. 

(a) Find the concentration of holes and of electrons in p-type germanium at 
300°K if the conductivity is 100 (Q-cm)7. 

(b) Repeat part a for n-type silicon if the conductivity is 0.1 (Q-cm)7?. 

(a) Show that the resistivity of intrinsic germanium at 300°K is 45 Q-cm. 

(b) If a donor-type impurity is added to the extent of 1 atom per 10° germanium 
atoms, prove that the resistivity drops to 3.7 Q-cm. 

(a) Find the resistivity of intrinsic silicon at 300°K. 

(b) If a donor-type impurity is added to the extent of 1 atom per 108 silicon 
atoms, find the resistivity. 

Consider intrinsic germanium at room temperature (800°K). By what percent 
does the conductivity increase per degree rise in temperature? 

Repeat Prob. 2-10 for intrinsic silicon. 
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2-12 Repeat Prob. 2-6a for a temperature of 400°K, and show that the sample is 
essentially intrinsic. 

2-13 A sample of germanium is doped to the extent of 10'* donor atoms/cm’ and 
7 X 10}3 acceptor atoms/cm’. At the temperature of the sample the resistivity 
of pure (intrinsic) germanium is 60 Q-cm. If the applied electric field is 2 V/cm, 
find the total conduction current density. 

2-14 (a) Find the magnitude of the Hall voltage Vy in an n-type germanium bar 
used in Fig. 2-10, having majority-carrier concentration Np = 10!’/cm%. 
Assume B, = 0.1 Wb/m?, d = 3 mm, and & = 5 V/cm. 

(b) What happens to Vy if an identical p-type germanium bar having Na = 
10!7/cm? is used in part a? 

2-15 The Hall effect is used to determine the mobility of holes in a p-type silicon bar 
used in Fig. 2-10. Assume the bar resistivity is 200,000 Q-cm, the magnetic 
field B, = 0.1 Wb/m?, and d= w = 3mm. The measured values of the cur- 
rent and Hall voltage are 10 wA and 50 mV, respectively. Find pp. 

2-16 A certain photosurface has a spectral sensitivity of 6 mA/W of incident radia- 
tion of wavelength 2,537 A. How many electrons will be emitted photoelec- 
trically by a pulse of radiation consisting of 10,000 photons of this wavelength? 

2-17 (a) Consider the situation depicted in Fig. 2-13 with the light turned on. Show 
that the equation of conservation of charge is 


dp ,p_®p 
itr T 


where the time axis in Fig. 2-13 is shifted to ¢’. 
(b) Verify that the concentration is given by the equation 


p= p+ (po — pe" 


2-18 The hole concentration in a semiconductor specimen is shown. 
(a) Find an expression for and sketch the hole current density Jp(x) for the case 
in which there is no externally applied electric field. 


p(0) 


Prob. 2-18 


t 
t 
es 


Ww x 


(b) Find an expression for and sketch the built-in electric field that must exist 
if there is to be no net hole current associated with the distribution shown. 

(c) Find the value of the potential between the points z = 0 and x = W if 
P(0)/po = 10%. 
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2-19 


2-20 


2-21 


Given a 20 Q-cm n-type germanium bar with material lifetime of 100 ys, cross 
section of 1 mm?, and length of 1 cm. One side of the bar is illuminated with 
10'5 photons/s. Assume that each incident photon generates one electron-hole 
pair and that these are distributed uniformly throughout the bar. Find the 
bar resistance under continuous light excitation at room temperature. 


(a) Consider an open-circuited graded semiconductor as in Fig. 2-17a. Verify 
the Boltzmann equation for electrons [Eq. (2-61)]. 

(6) For the step-graded semiconductor of Fig. 2-176 verify the expression for the 
contact potential V, given in Eq. (2-63), starting with J, = 0. 

(a) Consider the step-graded germanium semiconductor of Fig. 2-17) with 
Ny = 10°N4 and with N44 corresponding to 1 acceptor atom per 108 germanium 
atoms. Calculate the contact difference of potential V, at room temperature. 
(b) Repeat part a for a silicon p-n junction. 


CHAPTER 3 


3-1 


3-2 


3-3 
3-4 


3-5 


(a) The resistivities of the two sides of a step-graded germanium diode are 2 2-cm 
(p side) and 1 Q-cm (n side). Calculate the height FE, of the potential-energy 
barrier. 

(b) Repeat part a for a silicon p-n junction. 

(a) Sketch logarithmic and linear plots of carrier concentration vs. distance for 
an abrupt silicon junction if Np = 10!° atoms/cm? and N4 = 10'* atoms/cm, 
Give numerical values for ordinates. Label the n, p, and depletion regions. 
(6) Sketch the space-charge electric field and potential as a function of distance 
for this case (Fig. 3-1). 

Repeat Prob. 3-2 for an abrupt germanium junction. 

(a) Consider a p-n diode operating under low-level injection so that pr< Mn. 
Assuming that the minority current is due entirely to diffusion, verify that the 
electric field in the n side is given by 


_ f+ (Ds/Dp — 1)T pn(2) 


E(x 
”) gninA 


(6) Using this value of &, find the next approximation to the drift hole current 
and show that it may indeed be neglected compared with the diffusion hole 
current. 

(c) Sketch the following currents as a function of distance in the n side: (i) total 
diode current; (ii) minority-carrier current; (iii) majority diffusion current; 
(iv) majority drift current; (v) total majority-carrier current. 

Starting with Eq. (3-5) for Ipn and the corresponding expression for Tap, prove 
that the ratio of hole to electron current crossing a p-n junction is given by 


T pn (0) = TpLin 
Inp(0) only 


where o,(¢,) = conductivity of p(n) side. Note that this ratio depends upon 
the ratio of the conductivities. For example, if the p side is much more heavily 
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3-7 


3-8 


3-9 


3-10 


3-11 


3-12 


3-13 


doped than the n side, the hole current will be much larger than the electron 
current crossing the junction. 


(a) Prove that the reverse saturation current in a p-n diode is given by 


D D 
I, = Aq (2 ne 
4 (2%. + ux) ” 


(6) Starting with the expression for 7, found in part a, verify that the reverse 
saturation current is given by 


I, = AV; ba? 1 4 1 
el + b)? Ltn = LnOp 


where o,(¢p) = conductivity of n(p) side 
o; = conductivity of intrinsic material 
= Bn/ Mp 
(a) Using the result of Prob. 3-6, find the reverse saturation current for a 
germanium p-n junction diode at room temperature, 300°K. The cross-sectional 
area is 4.0 mm?, and 


> = 1.0 Q-em)~! o, = 0.1 (Q-em)™ Lyn = Lp, = 0.15 em 


Other physical constants are given in Table 2-1. 

(6) Repeat part a for a silicon p-n junction diode. Assume L, = Ly, = 0.01 em 
and on, = a» = 0.01 (Q-em)7!. 

Find the ratio of the reverse saturation current in germanium to that in silicon, 
using the result of Prob. 3-6. Assume L, = Ly, = 0.1 cm and on, = op = 1.0 
(Q-em)~! for germanium, whereas the corresponding values are 0.01 em and 
0.01 (Q-em)7! for silicon. See also Table 2-1. 

(a) For what voltage will the reverse current in a p-n junction germanium diode 
reach 90 percent of its saturation value at room temperature? 

(6) What is the ratio of the current for a forward bias of 0.05 V to the current 
for the same magnitude of reverse bias? 

(c) If the reverse saturation current is 10 wA, calculate the forward currents for 
voltages of 0.1, 0.2, and 0.3 V, respectively. 

(a) Evaluate 7 in Eq. (3-9) from the slope of the plot in Fig. 3-8 for T = 25°C. 
Draw the best-fit line over the current range 0.01 to 10 mA. 

(b) Repeat for T = —55 and 150°C. 

(a) Calculate the anticipated factor by which the reverse saturation current 
of a germanium diode is multiplied when the temperature is increased from 
25 to 80°C. 

(b) Repeat part a for a silicon diode over the range 25 to 150°C. 

It is predicted that, for germanium, the reverse saturation current should 
increase by 0.11°C~!. It is found experimentally in a particular diode that at a 
reverse voltage of 10 V, the reverse current is 5 wA and the temperature depend- 
ence is only 0.07°C~!. What is the leakage resistance shunting the diode? 

A diode is mounted on a chassis in such a manner that, for each degree of tem- 
perature rise above ambient, 0.1 mW is thermally transferred from the diode 
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3-14 


3-15 


3-16 


3-17 


3-18 


3-19 


3-20 


3-21 


to its surroundings. (The “thermal resistance” of the mechanical contact 
between the diode and its surroundings is 0.1 mW/°C.) The ambient tempera- 
ture is 25°C. The diode temperature is not to be allowed to increase by more 
than 10°C above ambient. If the reverse saturation current is 5.0 #A at 25°C 
and increases at the rate 0.07°C~!, what is the maximum reverse-bias voltage 
which may be maintained across the diode? 

A silicon diode operates at a forward voltage of 0.4 V. Calculate the factor by 
which the current will be multiplied when the ‘temperature is increased from 
25 to 150°C. Compare the result with the plot of Fig. 3-8. 

An ideal germanium p-n junction diode has at a temperature of 125°C a reverse 
saturation current of 30 uA. Ata temperature of 125°C find the dynamic resis- 
tance for a 0.2 V bias in (a) the forward direction, (b) the reverse direction. 


Prove that for an alloy p-n junction (with N4« Np), the width W of the deple- 
tion layer is given by 


W = Ga a 
op 


where V; is the junction potential under the condition of an applied diode voltage 
Va. 

(a) Prove that for an alloy silicon p-n junction (with Na< Np), the depletion- 
layer capacitance in picofarads per square centimeter is given by 


N,N 
Cr = 2.9 X 10-4 (74) 


j 


(b) If the resistivity of the p material is 3.5 Q-cm, the barrier height V, is 
0.35 V, the applied reverse voltage is 5 V, and the cross-sectional area is circular 
of 40 mils diameter, find C’r. 

(a) For the junction of Fig. 3-10, find the expression for the & and V as a func- 
tion of z in the n-type side for the case where Na and N»p are of comparable 
magnitude. Hunt: Shift the origin of x so that z = 0 at the junction. 

(b) Show that the total barrier voltage is given by Eq. (3-21) multiplied by 
Na/(Na + Nop) and with W = Wy + Wa. 

(c) Prove that Cr = [gN aN ve/2(N a + Np)}V-3. 

(d) Prove that Cr = eA/(W, + W,). 

Reverse-biased diodes are frequently employed as electrically controllable vari- 
able capacitors. The transition capacitance of an abrupt junction diode is 
20 pF at 5 V. Compute the decrease in capacitance for a 1.0-V increase in bias. 
Calculate the barrier capacitance of a germanium p-n junction whose area is 
1 mm by 1 mm and whose space-charge thickness is 2 X 1074 cm. The dielectric 
constant of germanium (relative to free space) is 16. 


The zero-voltage barrier height at an alloy-germanium p-n junction is 0.2 V. 
The concentration N4 of acceptor atoms in the p side is much smaller than the 
concentration of donor atoms in the n material, and N4 = 3 X 107° atoms/m’*. 
Calculate the width of the depletion layer for an applied reverse voltage of 
(a) 10 V and (6) 0.1 V and (c) for a forward bias of 0.1 V. (d) If the cross- 
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3-23 


3-24 


3-25 


3-26 


3-27 


3-28 


PROBLEMS / 775 


sectional area of the diode is 1 mm?, evaluate the space-charge capacitance 
corresponding to the values of applied voltage in (a) and (8). 

(a) Consider a grown junction for which the uncovered charge density p varies 
linearly with distance. If p = az, prove that the barrier voltage V; is given by 


(b) Verify that the barrier capacitance Cr is given by Eq. (3-23) 
Given a forward-biased silicon diode with J = 1 mA. If the diffusion capaci- 
tance is Cp = 1 wF, what is the diffusion length L,? Assume that the doping of 
the p side is much greater than that of the n side. 
The derivation of Eq. (3-28) for the diffusion capacitance assumes that the p 
side is much more heavily doped than the n side, so that the current at the junc- 
tion is entirely due to holes. Derive an expression for the total diffusion capaci- 
tance when this approximation is not made. 
(a) Prove that the maximum electric field &, at a step-graded junction with 
Na > Np is given by 

5 oY 

W 

(6) It is found that Zener breakdown occurs when &m = 2 X 107 V/m = &,. 
Prove that Zener voltage V, is given by 


_ &? 
2qN D 


Note that the Zener breakdown voltage can be controlled by controlling the 
concentration of donor ions. 


(a) Zener breakdown occurs in germanium at a field intensity of 2 X 107 V/m. 
Prove that the breakdown voltage is Vz = 51/o,, where a, is the conductivity 
of the p material in (Q-cem)~!. Assume that Nu < Np. 

(6) If the p material is essentially intrinsic, calculate Vz. 

(c) For a doping of 1 part in 10° of p-type material, the resistivity drops to 
3.7 Q-em. Calculate Vz. 

(d) For what resistivity of the p-type material will Vz = 1 V? 


(a) Two p-n germanium diodes are connected in series opposing. A 5-V battery 
is impressed upon this series arrangement. Find the voltage across each junction 
at room temperature. Assume that the magnitude of the Zener voltage is 
greater than 5 V. 

Note that the result is independent of the reverse saturation current. Is it 
also independent of temperature? 

Hint: Assume that reverse saturation current flows in the circuit, and then 
justify this assumption. 
(b) If the magnitude of the Zener voltage is 4.9 V, what will be the current in 
the circuit? The reverse saturation current is 5 pA. 


The Zener diode can be used to prevent overloading of sensitive meter move- 
ments without affecting meter linearity. The circuit shown represents a dc 
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voltmeter which reads 20 V full scale. The meter resistance is 560 Q, and 
R, 4+- R, = 99.5 K. If the diode is a 16-V Zener, find R, and R; so that, when 
V, > 20 V, the Zener diode conducts and the overload current is shunted away 
from the meter. 


R,, = 5600 
Prob. 3-28 


200nA 
full scale 


3-29 A series combination of a 15-V avalanche diode and a forward-biased silicon 
diode is to be used to construct a zero-temperature-coefficient voltage reference. 
The temperature coefficient of the silicon diode is —1.7 mV/°C. Express in 
percent per degree centigrade the required temperature coefficient of the Zener 
diode. 

3-30 The saturation currents of the two diodes are 1 and 2 wA. The breakdown 
voltages of the diodes are the same and are equal to 100 V. 
(a) Calculate the current and voltage for each diode if V = 90 Vand V = 110V. 
(6) Repeat part a if each diode is shunted by a 10-M resistor. 


Prob. 3-30 Prob. 3-31 


3-31 (a) The avalanche diode regulates at 50 V over a range of diode currents from 
5 to 40 mA. The supply voltage V = 200 V. Calculate R to allow voltage 
regulation from a load current I, = 0 up to Imax, the maximum possible value 
of Ty. What is Imax? 

(6) If R is set as in part a and the load current is set at J, = 25 mA, what are 
the limits between which V may vary without loss of regulation in the circuit? 

3:32 (a) Consider a tunnel diode with Np = N4 and with the impurity concentration 
corresponding to 1 atom per 103 germanium atoms. At room temperature calcu- 
late (i) the height of the potential-energy barrier under open-circuit conditions 
(the contact potential energy), (ii) the width of the space-charge region. 

(6) Repeat part a if the semiconductor is silicon instead of germanium. 

3-33 The photocurrent J in a p-n junction photodiode as a function of the distance x 

of the light spot from the junction is given in Fig. 3-22. Prove that the slopes 
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of In I versus z are ~1/L, and —1/Ly, respectively, on the n and p sides. Note 
that L, represents the diffusion length for holes in the n material. 


3-34 (a) For the type LS 223 photovoltaic cell whose characteristics are given in 
Fig. 3-23, plot the power output vs. the load resistance Ry. 
(b) What is the optimum value of Rz,? 

CHAPTER 4 


4-] 


4-3 


4-5 


(a) In the circuit of Prob. 3-27, the Zener breakdown voltage is 2.0 V. The 
reverse saturation current is 5 wA. If the silicon diode resistance could be 
neglected, what would be the current? 
(b) If the ohmic resistance is 100 Q, what is the current? 

Nore: Answer part 6 by plotting Eq. (3-9) and drawing a load line. Verify 
your answer analytically by a method of successive approximations. 
A p-n germanium junction diode at room temperature has a reverse satura- 
tion current of 10 wA, negligible ohmic resistance, and a Zener breakdown voltage 
of 100 V. A 1-K resistor is in series with this diode, and a 30-V battery is 
impressed across this combination. Find the current (a) if the diode is forward- 
biased, (6) if the battery is inserted into the circuit with the reverse polarity. 
(c) Repeat parts a and 6 if the Zener breakdown voltage is 10 V. 
Each diode is described by a linearized volt-ampere characteristic, with incre- 
mental resistance r and offset voltage V,.. Diode D1 is germanium with V, = 


Prob, 4-3. -:100V~ D1 D2 


0.2 Vandr = 20 Q, whereas D2 is silicon with V, = 0.6 Vandr = 15Q. Find 
the diode currents if (a) R = 10 K, (|) R=1 4h. 


The photodiode whose characteristics are given in Fig. 3-21 is in series with a 
30-V supply and a resistance R. If the illumination is 3,000 fe, find the current 
for (a) R = 0, (6) R = 50 K, (ce) R = 100 K. 

(a) For the appleation in Sec. 4-3, plot the voltage across the diode for one 
cycle of the input voltage v;, Let V, = 2.4 V, Vy = 0.6 V, Ry; = 10 Q, and 
Ry, = 100 Q. 

(b) By direct integration find the average value of the diode voltage and the load 
voltage. Note that these two answers are numerically equal and explain why. 
Calculate the break region over which the dynamic resistance of a diode is multi- 
plied by a factor of 1,000. 

For the diode clipping circuit of Fig. 4-9a assume that Ve = 10 V, v; = 20 sin otf, 
and that the diode forward resistance is Ry = 100 Q while R, = © and V, = 0. 
Neglect all capacitances. Draw to scale the input and output waveforms and 


778 / INTEGRATED ELECTRONICS App. C 


label the maximum and minimum values if (a) R = 100 9, (b) R = 1 K, and (c) 
kR=10K. 

4-8 Repeat Prob. 4-7 for the case where the reverse resistance is R, = 10 K. 

4-9 In the diode clipping circuit of Fig. 4-9a and d, »; = 20 sin wt, R = 1 K, and 
Ve =10V. The reference voltage is obtained from a tap on a 10-K divider 
connected to a 100-V source. Neglect all capacitances. The diode forward 
resistance is 50 2, R, = ©, and V, = 0. In both cases draw the input and out- 
put waveforms to scale. Which circuit is the better clipper? Hinr: Apply 
Thévenin’s theorem to the reference-voltage divider network. 

4-10 A symmetrical 5-kHz square wave whose output varies between +10 and —10 V 
is impressed upon the clipping circuit shown. Assume R; = 0, R, = 2M, and 


Prob. 4-10 


V, =0. Sketch the steady-state output waveform, indicating numerical values 
of the maximum, minimum, and constant portions. 

4-1] For the clipping circuits shown in Fig. 4-96 and d derive the transfer character- 
istic v. versus v;, taking into account R, and V, and considering R, = «. 

4-12 The clipping circuit shown employs temperature compensation. The de voltage 
source V, represents the diode offset voltage; otherwise the diodes are assumed 
to be ideal with Ry; = 0 and R, = ~. 


Prob, 4-12 - 


(a) Sketch the transfer curve », versus 2,. 
(6) Show that the maximum value of the input voltage v; so that the current in 
D2 is always in the forward direction is 


R 
Vijmax = Vr + R (Vr — Vy) 
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(c) What is the temperature dependence of the point on the input waveform at 
which clipping occurs? 

(a) In the clipping circuit shown, D2 compensates for temperature variations. 
Assume that the diodes have infinite back resistance, a forward resistance of 50 Q, 
and a break point at the origin (V, = 0). Calculate and plot the transfer char- 
acteristic v, against v;. Show that the circuit has an extended break point, that 
is, two break points close together. 


Prob. 4-13 Prob, 4-14 


(b) Find the transfer characteristic that would result if D2 were removed and the 
resistor R were moved to replace D2. 

(c) Show that the double break of part a would vanish and only the single break 
of part 6 would appear if the diode forward resistances were made vanishingly 
small in comparison with R. 

(a) In the peak clipping circuit shown, add another diode D2 and a resistor R’ 
in a manner that will compensate for drift with temperature. 

(6) Show that the break point of the transmission curve occurs at Vr. Assume 
R, > R> Ry. 

(c) Show that if D2 is always to remain in conduction it is necessary that 


0; <Uimax = Ve + = (Ve — Vy) 


(a) The input voltage v; to the two-level clipper shown in part a of the figure 
varies linearly from 0 to 150 V. Sketch the output voltage v, to the same time 
scale as the input voltage. Assume ideal diodes. 

(b) Repeat (a) for the circuit shown in part b of the figure. 


(a) (b) 
Prob. 4-15 
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4-16 The circuit of Fig. 4-10a is used to “square” a 10-kHz input sine wave whose 
peak value is 50 V. It is desired that the output voltage waveform be flat for 
90 percent of the time. Diodes are used having a forward resistance of 100 Q 
and a backward resistance of 100 K. 
(a) Find the values of Vr, and Vaz. 
(b) What is a reasonable value to use for R? 

4-17 (a) The diodes are ideal. Write the transfer characteristic equations (v, as a 
function of »,). 
(b) Plot v, against v;, indicating all intercepts, slopes, and voltage levels. 
(c) Sketch v, if v; = 40 sin wt. Indicate all voltage levels. 


Prob. 4-17 


4-18 (a) Repeat Prob. 4-17 for the circuit shown. 
(b) Repeat for the case where the diodes have an offset voltage V, = 1 V. 


Prob. 4-18 


4-19 Assume that the diodes are ideal. Make a plot of v, against v,; for the range of 
v; from 0 to 50 V. Indicate all slopes and voltage levels. Indicate, for each 
region, which diodes are conducting. 


Prob. 4-19 


4-20 The triangular waveform shown is to be converted into a sine wave by using 
clipping diodes. Consider the dashed waveform sketched as a first approxima- 
tion to the sinusoid. The dashed waveform is coincident with the sinusoid at 0°, 
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30°, 60°, etc: Devise a circuit whose output is this broken-line waveform when 
the input is the triangular waveform. Assume ideal diodes and calculate the 
values of all supply voltages and resistances used. The peak value of the sinusoid 
is 50 V. 


100 V 
A. Sinusoid 


0 30 60 90 120 150 180.210 240 270 300 330,360 


Prob. 4-20 


4-21 Construct circuits which exhibit terminal characteristics as shown in parts a and 
b of the figure. 


(a) (d) 
Prob, 4-21 


4-22 The diode-resistor comparator of Fig. 4-13 is connected to a device which 
responds when the comparator output attains a level of 0.1 V. The input is a 
ramp which rises at the rate 10 V/us. The germanium diode has a reverse sat- 
uration current of 1 wA. Initially, R = 1 K and the 0.1-V output level is 
attained ata timet = t,. If we nowset R = 100 K, what will be the correspond- 
ing change int? Vr =0. 

4-23 For the four-diode sampling gate of Fig. 4-14 consider that », is at its most nega- 
tive value, say,v,= —V,. Then verify that the expressions for Va,min 80d Ve.min 
given in Eqs. (4-7) and (4-8) remain valid. 

4-24 A balancing voltage divider is inserted between D3 and D4 in Fig. 4-14 so as to 
give zero output voltage for zero input. If the divider is assumed to be set at its 
midpoint, if its total resistance is R, and if R and R, are both much less than R, 
or Bz, show that 


R R 
Ve,min = Ve{ 2 = 1 ~ 
( r z) ( t a) 
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4-25 (a) Explain qualitatively the operation of the sampling gate shown. The supply 
voltage V is constant. The control voltage v. is the square wave of Fig. 4-140. 
Assume ideal diodes with V, = 0, Ry = 0, and R, = ©. Hint: When», = V,, 
the diodes D1 and D2 conduct (if V > Vain) and D3 and D4 are orr. If 
ve = —Vn, then D3 and D4 conduct and D1 and D2 are orr. 

Verify the following relationships: 


R. Ri 
b Vinin =a yD aD 
©) R, Ri + 2Rz 
where R, = R,|| Re. 


v,  2Rt R, 
() A= = 2 + OR: 


R. R2 
@) Va.min = Ve ——— —- V=— 
@) , R. + Re R. + Re 


(e) Ve.min = AV, 


Prob. 4-25 


4-26 A diode whose internal resistance is 20 © is to supply power to a 1,000-22 load 
from a 110-V (rms) source of supply. Calculate (a) the peak load current, (0) 
the de load current, (c) the ac load current, (d) the de diode voltage, (e) the total 
input power to the circuit, (f) the percentage regulation from no load to the given 
load. 

4-27 Show that the maximum dc output power Pa, = Vacl ao in a half-wave single- 
phase circuit occurs when the load resistance equals the diode resistance Ry. 

4-28 The efficiency of rectification 7, is defined as the ratio of the de output power 


Pac = Vaclac to the input power P; = (1/2m) f ** yada. 
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4-30 


4-3) 


4-32 


4-33 


4-34 


b 4-35 


(a) Show that, for the half-wave-rectifier circuit, 


40.6 


T4R/Ri @ 


Ue 


(6) Show that, for the full-wave rectifier, 7, has twice the value given in part a. 


Prove that the regulation of both the half-wave and the full-wave rectifier is 
given by 


% regulation = Ry = 100% 
Ri 


(a) Prove Eqs. (4-21) and (4-22) for the de voltage of a full-wave-rectifier circuit. 
(b) Find the de voltage across a diode by direct integration. 

A full-wave single-phase rectifier consists of a double-diode vacuum tube, the 
internal resistance of each element of which may be considered to be constant and 
equal to 500 2. These feed into a pure resistance load of 2,000 2. The secon- 
dary transformer voltage to center tap is 280 V. Calculate (a) the de load cur- 
rent, (b) the direct current in each tube, (c) the ac voltage across each diode, (d) 
the de output power, (e) the percentage regulation. 

In the full-wave single-phase bridge, can the transformer and the load be inter- 
changed? Explain carefully. 

A 1-mA de meter whose resistance is 10 © is calibrated to read rms volts when 
used in a bridge circuit with semiconductor diodes. The effective resistance of 
each element may be considered to be zero in the forward direction and infinite 
in the inverse direction. The sinusoidal input voltage is applied in series with a 
5-K resistance. What is the full-scale reading of this meter? 

The circuit shown is a half-wave voltage doubler. Analyze the operation of this 
circuit. Calculate (a) the maximum possible voltage across each capacitor, (6) 
the peak inverse voltage of each diode. Compare this circuit with the bridge 
voltage doubler of Fig. 4-22. In this circuit the output voltage is negative with 
respect to ground. Show that if the connections to the cathode and anode of 
each diode are interchanged, the output voltage will be positive with respect 
to ground. 


Prob. 4-34 


Input 


The circuit of Prob. 4-34 can be extended from a doubler to a quadrupler by 
adding two diodes and two capacitors as shown. In the figure, parts a and b are 
alternative ways of drawing the same circuit. 
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(a) Analyze the operation of this circuit. 

(b) Answer the same questions as asked in Prob. 4-34. 

(c) Generalize the circuit of this and of Prob. 4-34 so as to obtain n-fold multi- 
plication when n is any even number. In particular, sketch the circuit for sixfold 
multiplication. 

(d) Show that n-fold multiplication, with n odd, can also be obtained provided 


that the output is properly chosen. 
Tripler 
— C; C3 


D2 D4 
C3 Input | 
Output D1 D3 
C, Cy 
Input | 
+ Quadrupler 
(a) (b) 
Prob, 4-35 


4-36 A single-phase full-wave rectifier uses a semiconductor diode. The transformer 
voltage is 35 V rms to center tap. The load consists of a 40-uF capacitance in 
parallel with a 250-2 resistor. The diode and the transformer resistances and 
leakage reactance may be neglected. 

(a) Calculate the cutout angle. 

(6) Plot to scale the output voltage and the diode current as in Fig. 4-25. Deter- 
mine the cutin point graphically from this plot, and find the peak diode current 
corresponding to this point. 

(c) Repeat parts a and 6, using a 160-uF instead of a 40-uF capacitance. 


CHAPTER 5 


5-1 (a) Show that for an n-p-n silicon transistor of the alloy type in which the 
resistivity px of the base is much larger than that of the collector, the punch- 
through voltage V is given by V = 6.1 X 1031V52/ps, where V is in volts, pa in 
ohm-centimeters, and W in mils. For punch-through, W = We in Fig. 5-84. 
(6) Calculate the punch-through voltage if W = 1 um and pa = 0.5 Q-cm. 

5-2 The transistor of Fig. 5-3a has the characteristics given in Figs. 5-6 and 5-7. 
Let Veco = 6 V, RK, = 200 Q, and Iz = 15 mA. 

(a) Find if and Ven. 
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(b) Find Veg and Vz. 
(c) If Te changes by Al, = 10 mA symmetrically around the point of part a and 
with constant Vez, find the corresponding change in Ic. 

5-3 The CB transistor used in the circuit of Fig. 5-3a has the characteristics given in 
Figs. 5-6 and 5-7. Let Ic = —20 mA, Ves = —4 V, and Rz = 200 Q. 
(a) Find Vee and Tz. 
(b) If the supply voltage Vcc decreases from its value in part a by 2 V while Jz 
retains its previous value, find the new values of Jc and Vea. 

5-4 The CE transistor used in the circuit shown has the characteristics given in Figs. 
5-10 and 5-11. 
(a) Find Vaz if Vec = 10 V, Vez = —1 V, and Ry, = 250 Q. 
(b) If Vee = 10 V, find Rz so that Ic = —20mAand Vez = —4V. Find Vaz. 


Prob. 5-4 


5-5 Ifa = 0.98 and Vaz = 0.7 V, find R, in the circuit shown for an emitter current 
Ig = —2 mA. Neglect the reverse saturation current. 


Prob. 5-5 


5-6 (a) Find R. and R, in the circuit of Fig. 5-12a if Vec = 10 V and Vaz = 5 V, so 
that Jc = 10 mA and Veg = 5 V. A silicon transistor with 8 = 100, Vez = 
0.7 V, and negligible reverse saturation current is under consideration. 
(b) Repeat part a if a 100-Q emitter resistor is added to the circuit. 
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5-7 


| Vv 
o— 
R 


5-8 


5-9 


In the circuit shown, Vcc = 24 V, R. = 10 K, and R, = 2702. If a silicon 
transistor is used with 6 = 45 and if Vczg = 5 V, find R. Neglect the reverse 
saturation current. 


cc 
R. 
Prob. 5-7 


For the circuit shown, transistors Q1 and Q2 operate in the active region with 
Ven = Var2 = 0.7 V, 8, = 100, and 8, = 50. The reverse saturation cur- 
rents may be neglected. 

(a) Find the currents Ig2, Ii, I2, Ic2, Imi, Ic1, and Igy. 

(b) Find the voltages V.; and Voo. 


Prob. 5-8 


(a) The reverse saturation current of the germanium transistor in Fig. 5-13 is 
2 pA at room temperature (25°C) and increases bya factor of 2 for each tempera- 
ture increase of 10°C. The bias Vag = 5 V. Find the maximum allowable 
value for Rg if the transistor is to remain cut off at a temperature of 75°C. 

(6) If Vex = 1.0 V and Reg = 50 K, how high may the temperature increase 
before the transistor comes out of cutoff? 

From the characteristic curves for the type 2N404 transistor given in Fig. 5-14, 
find the voltages Vaz, Vez, and Vac for the circuit shown. 
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-9V 


1K 
| Prob. 5-10 30K 


2N404 


5-11 A silicon transistor with Vaz... = 0.8 V,8 = hre = 100, Vox. = 0.2 V is used 
in the circuit shown. Find the minimum value of R, for which the transistor 
remains in saturation. 


Prob. 5-11 200K 


5-12 For the circuit shown, assume 8 = hre = 100. 
(a) Find if the silicon transistor is in cutoff, saturation, or in the active region. 
(6) Find V,. 
(c) Find the minimum value for the emitter resistor R, for which the transistor 
operates in the active region. 


-10V 


Prob. 5-12 
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5-13 If the silicon transistor used in the circuit shown has a minimum value of B=hrr 
of 30 and if Iczo = 10 nA at 25°C: 
(a) Find V, for V; = 12 V and show that Q is in saturation. 
(0) Find the minimum value of R, for which the transistor in part a is in the 
active region. 
(c) If Ri = 15 K and V; = 1 V, find V, and show that Q is at cutoff. 
(d) Find the maximum temperature at which the transistor in part c remains 
at cutoff. 


Prob, 5-13 


-12V 


5-14 Silicon transistors with her = 100 are used in the circuit shown. Neglect the 
reverse saturation current. 


(a) Find V, when V; = 0 V. Assume Q1 is orF and justify the assumption. 
(6) Find V, when V; = 6 V. Assume Q2 is orF and justify this assumption. 


12V 


Prob. 5-14 
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5-15 For the circuit shown, a; = 0.98, a: = 0.96, Vec = 24 V, Re = 120 Q, and 
Ie = —100 mA. Neglecting the reverse saturation currents, determine (a) the 
currents [¢1, Imi, Ir1, [c2, [p2, and Ic; (b) Veg; (©) Ic/Is, Ic/Tez. 


Prob. 5-15 


5-16 Derive from Eqs. (5-24) and (5-25) the explicit expressions for Ic and Jz in terms 
of Vc and Ve. 

5-17. (a) Derive Eqs. (5-29) and (5-30). 
(b) Derive Eq. (5-31). 

5-18 Draw the Ebers-Moll model for an n-p-n transistor. 


5-19 (a) Show that the exact expression for the CE output characteristics of a p-n-p 
transistor is 


Vow = Verne t Vo In oot ents = Fel = aw) 
On Tzo + In + IcQ — ay) 


(b) Show that this reduces to Eq. (5-31) if 7p >> Ino and Ig > Ico/an. 


5-20 (a) A transistor is operating in the cutoff region with both the emitter and 
collector junctions reverse-biased by at least a few tenths of a volt. Prove that 
the currents are given by 


Tro(l - ay) 

Ip = oO 
J — Andy] 

In = Teo _ ar) 
c= 
J —- Ana] 


(b) Prove that the emitter-junction voltage required just to produce cutoff 
(Iz = 0 and the collector back-biased) is 


Ve = Vr In (1 _- ay) 


5-21. (a) Find the collector current for a transistor when both emitter and collec- 
tor junctions are reverse-biased. Assume Ico = 5 pA, Izo = 3.57 wA, and 
ay = 0.98. 
(b) Find the emitter current J under the same conditions as in part a. 
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5-22 


5-23 


5-24 


5-25 


5-26 


5-27 


5-28 


Show that the emitter volt-ampere characteristic of a transistor in the active 
region is given by 


Ig = IgeVsiVr 


where Ig = —Ig0/(1 — aya:). Note that this characteristic is that of a p-n 
junction diode. 


(a) Given an n-p-n transistor for which (at room temperature) ay = 0.98, 
Ico = 2 pA, and Ino = 1.6 pA. A common-emitter connection is used, and 
Veco = 12 V and R, = 4.0 K. What is the minimum base current required in 
order that the transistor enter its saturation region? 

(b) Under the conditions in part a, find the voltages across each junction between 
each pair of terminals if the base-spreading resistance ry is neglected. 

(c) Repeat part b if the base current is 200 wA. 

(d) How are the above results modified if ry, = 250 2? 


Plot the emitter current vs. emitter-to-base voltage for a transistor for which 
ay = 0.98, Ico = 2 wA, and Izo = 1.6 pA if (a) Ve = 0, (0) Ve is back-biased 
by more than a few tenths of a volt. Neglect the base-spreading resistance. 
Plot carefully to scale the common-emitter characteristic Ic¢/Iz versus Vcz fora 
transistor with ay = 0.90 = a. 


Show that 
I I 
Ices = 20 Tceo = ee 
1 — ana 1- an 
A common method of calculating ay and a; is by measurement of Ico, Iczo, and 


Tors. Show that 


(a) aw = Icro — Ico (b) oy = 1 — Ico/Iczs 
yo ee w= 00 ACES 
I cro 1 — Ico/Iczo 


The collector leakage current is measured as shown in the figure, with the emitter 
grounded and a resistor R connected between base and ground. If this current 
is designated as Icrer, show that 


Ico(1 + IzoR/Vr) 
1 — aya; + (IzoR/Vr)(1 — an) 


Icer 


Voc 
| I CER 


Prob. 5-28 
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5-29 For the circuit shown, verify that V, = Vce when 


Vee an l—a, Vee By 
In = 1+— = 1+— 
, R. ( + aril — <:) R, ( ) 


Under these conditions the base current exceeds the emitter current. 


Voc 


Prob. 5-29 


5-30 For the circuit shown, prove that the floating emitter-to-base voltage is given by 
Vesr = Vr In (1 — ay) 


Neglect ry. 


Prob. 5-30 -5V 


5-31 For the “‘floating-base” connection shown, prove that 


2— an 


=-———_ |] 
(i _ an)? e° 


Ter 


Assume that the transistors are identical. 


Prob, 5-31 
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5-32 (a) Show that if the collector junction is reverse-biased with |Vcs| >> Vr, the 
voltage Vax is related to the base current by 


Re 
Vez = Ip (1 + = ) 
1 ~— ay 


n | IcoRe . yay E 4. Za(1 = aver) , ay(l — || 


1 — ay Teo(1 — an) ar(1 — ay) 


where ry, is the base-spreading resistance, and Rx is the emitter-body resistance. 
(6) Show that Vaz = [a(t + Re) + Vr(l + Ie/Te) if the collector is open- 
circuited. 

5-33 A transistor is operated at a forward emitter current of 2 mA and with the collec- 
tor open-circuited. Find (a) the junction voltages Vc and Vz, (b) the collector- 
to-emitter voltage Vez. Assume Ico = 2 uA, Ino = 1.6 uA, ay = 0.98. Is the 
transistor operating in saturation, at cutoff, or in the active region? 

3-34 Photodiode 1N77 (Fig. 3-21) is used in the circuit shown. R, represents the 
coil resistance of a relay for which the current required to close the relay is 6 mA. 
The transistor used is silicon with Vaz = 0.7 V and Arg = 100. 


Vec = 20V 


Prob. 5-34 


(a) Find the voltage Vp at which switching of the relay occurs. 

(6) Find the minimum illumination required to close the relay. 

(c) If the relay coil is placed directly in series with the phototransistor of Fig. 
5-25 across 20 V, find the illumination intensity required to close the relay. 


CHAPTER 6 


6-1 Convert the following decimal numbers to binary form: (a) 671, (6) 325, (c) 152. 
6-2 The parameters in the diode or circuit of Fig. 6-3 are V(O) = +12 V, V(1) = 
—2 V, R, = 600 2, R = 10 K, R; = 0, R, = @, and V, = 0.6 V. Calculate 
the output levels if one input is excited and if (a2) Ve = +12 V, (6) Ve = +10V, 
(c) Ve = +14V, and (d) Ve = OV. For which of these cases is the or function 


804 / INTEGRATED ELECTRONICS App. C 


6-48 


6-49 


6-50 


vy 


U2 


U3 


For an RTL IC positive Nor gate prove that the maximum fan-out can be 
approximated by the formula 


0.6 Ry 
Nnax = hre.min — APE, min Veo B, 
The inputs of the RTL IC positive Nor gate shown in Fig. 6-29 are obtained 
from the outputs of similar gates and the outputs drive similar gates. If the 
supply voltage of the system is 5 V and the temperature range for proper opera- 
tion of the gate is — 50 to 150°C, calculate the maximum permissible values of the 
resistances. Assume hrz = 30 at —50°C, Icso = 10 nA at 25°C, and the 
desired fan-out is 10. 
Verify that the DCTL circuit shown with the fan-in transistors in series satisfies 
the NAND operation. Assume that for the silicon transistors, Vez,.,, = 0.2 V and 
Vae.st = 0.8 V. Calculate the collector currents in each transistor when all 
inputs are high. The input to each base is taken from the output of a similar 
gate. 


15V 


Prob. 6-50 


CHAPTER 7 


7-1 


7-2 


(a) Verify that Eq. (7-3) meets the stated boundary conditions. 
(b) Verify that Eq. (7-5) satisfies the diffusion equation (7-2) and that it meets 
the stated boundary conditions. 


A silicon wafer is uniformly doped with phosphorus to a concentration of 
10**cm7*. Refer to Table 2-1 on page 29. At room temperature (300°K) find 
(a) The percentage of phosphorus by weight in the wafer. 

(6) The conductivity and resistivity. 

(c) The concentration of boron, which, if added to the phosphorus-doped wafer, 
would halve the conductivity. 


(a) Using the data of Fig. 7-8, calculate the percent maximum concentration 
of arsenic (atoms per cubic centimeter) that can be achieved in solid silicon. The 


App. 


7-4 


7-5 


7-6 


Al 
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concentration of pure silicon may be calculated from the data in Table 2-1 on 
page 29. 

(6b) Repeat part a for gold. 

(a) How long would it take for a fixed amount of phosphorus distributed over 
one surface of a 25-ym-thick silicon wafer to become substantially uniformly dis- 
tributed throughout the wafer at 1300°C? Consider that the concentration is 
sufficiently uniform if it does not differ by more than 10 percent from that at the 
surface. 

(b) Repeat part a for gold, given that the diffusion coefficient of gold in silicon is 
1.5 X 107® em?/s at 1300°C. 

Show that the junction depth z; resulting from a Gaussian impurity diffusion 
into an oppositely doped material of background concentration Nac is given by 


Q? + 
aj = ( 2Dt ln ——— 
N cn Dt 


A uniformly doped n-type silicon substrate of 0.1 Q-cm resistivity is to be 
subjected to a boron diffusion with constant surface concentration of 4.8 x 
10'8cm73, The desired junction depth is 2.7 um. 

(a) Calculate the impurity concentration for the boron diffusion as a function of 
distance from the surface. 

(6) How long will it take if the temperature at which this diffusion is conducted 
is 1100°C? 

(c) An n-p-n transistor is to be completed by diffusing phosphorus at a surface 
concentration of 10?! em~3. If the new junction is to be at a depth of 2 um, 
calculate the concentration for the phosphorus diffusion as a function of distance 
from the surface. 

(d) Plot the impurity concentrations (log scale) vs. distance (linear scale) for 
parts a and c, assuming that the boron stays put during the phosphorus diffusion. 
Indicate emitter, base, and collector on your plot. 

(e) If the phosphorus diffusion takes 30 min, at what temperature is the appa- 
ratus operated? 


List in order the steps required in fabricating a monolithic silicon integrated 
transistor by the epitaxial-diffused method. Sketch the cross section after each 
oxide growth. Label materials clearly. No buried layer is required. 

Sketch to scale the cross section of a monolithic transistor fabricated on a 5-mil- 
thick silicon substrate. Hinr: Refer to Sec. 7-1 and Figs. 7-12 and 7-13 for 
typical dimensions. 


Sketch the five basic diode connections (in circuit form) for the monolithic 
integrated circuits. Which will have the lowest forward voltage drop? Highest 
breakdown voltage? 


If the base sheet resistance can be held to within +10 percent and resistor 
line widths can be held to +0.1 mil, plot approximate tolerance of a diffused 
resistor as a function of line width w in mils over the range 0.5 < w < 5.0. 
(Neglect contact-area and contact-placement errors.) 

A 1-mil-thick silicon wafer has been doped uniformly with phosphorus to a con- 


centration of 10'* cm, plus boron to a concentration of 2 X 1015 cm~’. Find 
its sheet resistance. 
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7-12 (a) Calculate the resistance of a diffused crossover 4 mils long, 1 mil wide, and 
2 um thick, given that its sheet resistance is 2.2 Q/square. | 
(b) Repeat part a for an aluminum metalizing layer 0.5 um thick of resistivity 
2.8 X 10-§ Q-cm. Note the advantage of avoiding diffused crossovers. 

7-13° (a) What is the minimum number of isolation regions required to realize in 
monolithic form the logic gate shown? 
(6) Draw a monolithic layout of the gate in the fashion of Fig. 7-250. 


Prob. 7-13 


7-14 Repeat Prob. 7-13 for the difference amplifier shown. 


Prob. 7-14 


| App. C PROBLEMS / 807 


E 7-15 


7-16 


7-17 
7-18 


7-19 


For the circuit shown, find (a) the minimum number, (b) the mazimum number, 
of isolation regions. 


Prob. 7-15 


For the circuit shown, (a) find the minimum number of isolation regions, and 
(b) draw a monolithic layout in the fashion of Fig. 7-26, given that (i) Q1, Q2, 
and Q3 should be single-base-stripe, 1- by 2-mil emitter, transistors, (ii) Ri = R2 = 
R; = 400 Q, R, = 600 2. Use 1-mil-wide resistors. 


06 


Prob. 7-16 


An integrated junction capacitor has an area of 1,000 mils? and is operated at a 
reverse barrier potential of 1 V. The acceptor concentration of 1015 atoms/cm* 
is much smaller than the donor concentration. Calculate the capacitance. 


A thin-film capacitor has a capacitance of 0.4 pF/mil?. The relative dielectric 
constant of silicon dioxide is 3.5. What is the thickness of the SiO, layer in 
angstroms? 


The n-type epitaxial isolation region shown is 8 mils long, 6 mils wide, and 
1 mil thick and has a resistivity of 0.1 Q-cm. The resistivity of the p-type 
substrate is 10 Q-cm. Find the parasitic capacitance between the isolation 
region and the substrate under 5-V reverse bias. Assume that the sidewalls 
contribute 0.1 pF/mil?. 
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P’ isolation diffusion 
(5 x 102°cm-3) 


Prob. 7-19 © 
p-type substrate 


n-type isolation region 


Note: In the problems that follow, indicate your answer by giving the letter of the 
statement you consider correct. 


7-20 The typical number of diffusions used in making epitaxial-diffused silicon inte- 
grated circuits is (a) 1, (6) 2, (c) 3, (d) 4, (e) 5. 

7-21 The “buried layer” in an integrated transistor is (a) p+ doped, (b) located in the 
base region, (c) n+ doped, (d) used to reduce the parasitic capacitance. 


7-22 Epitaxial growth is used in integrated circuits (ICs) 
(a) To grow selectively single-crystal p-doped silicon of one resistivity on a 
p-type substrate of a different resistivity. 
(6) To grow single-crystal n-doped silicon on a single-crystal p-type substrate. 
(c) Because it yields back-to-back isolating p-n junctions. 
(d) Because it produces low parasitic capacitance. 
7-23 Silicon dioxide (SiO.) is used in ICs 
(a) Because it facilitates the penetration of diffusants. 
(b) Because of its high heat conduction. 
(c) To control the location of diffusion and to protect and insulate the silicon 
surface. 
(d) To control the concentration of diffusants. 
7-24 The p-type substrate in a monolithie circuit should be connected to 
(a) The most positive voltage available in the circuit. 
(6) The most negative voltage available in the circuit. 
(c) Any de ground point. 
(d) Nowhere, i.e., be left floating. 
7-25 Monolithic integrated circuit systems offer greater reliability than discrete- 
component systems because 
(a) There are fewer interconnections. 
(6) High-temperature metalizing is used. 
(c) Electric voltages are low. 
(d) Electric elements are closely matched. 
7-26 The collector-substrate junction in the epitaxial collector structure is, approxi- 
mately, 
(a) A step-graded junction. 
(b) A linearly graded junction. 
(c) An exponential junction. 
(d) None of the above. 
7-27 The sheet resistance of a semiconductor js 
(a) An undesirable parasitic element. 
(6) An important characteristic of a diffused region, especially when used to 
form diffused resistors. 
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7-28 


7-29 


7-30 


7-31 


7-32 
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(c) A characteristic whose value determines the required area for a given value 
of integrated capacitance. 
(d) A parameter whose value is important in a thin-film resistance. 


Isolation in ICs is required. 

(a) To make it simpler to test circuits. 

(b) To protect the components from mechanical damage. 

(c) To protect the transistor from possible ‘thermal runaway.” 
(d) To minimize electrical interaction between circuit components. 


Almost all resistors are made in a monolithic IC 
(a) During the emitter diffusion. 

(b) While growing the epitaxial layer. 

(c) During the base diffusion. 

(d) During the collector diffusion. 


Increasing the yield of an integrated circuit 

(a) Reduces individual circuit cost. 

(b) Increases the cost of each good circuit. 

(c) Results in a lower number of good chips per wafer. 

(d) Means that more transistors can be fabricated on the same size wafer. 


In a monolithic-type IC 

(a) All isolation problems are eliminated. 

(b) Resistors and capacitors of any value may be made. 

(c) All components are fabricated into a single crystal of silicon. 
(d) Each transistor is diffused into a separate isolation region. 


The main purpose of the metalization process is 

(a) To interconnect the various circuit elements 

(6) To protect the chip from oxidation. 

(ec) To act as a heat sink. 

(d) To supply a bonding surface for mounting the chip. 


CHAPTER 8 


Norte: Unless otherwise specified, all transistors in these problems are identical, and 
the numerical values of their h parameters are given in Table 8-2. Also assume that all 
capacitances are arbitrarily large. 


8-1 


8-2 


8-3 


8-4 


(a) Using Fig. 8-66 write the input and output equations. 

(b) Draw the hybrid model for a CB transistor and write the input and output 
equations, 

(a) Describe how to obtain h;, from the CE input characteristics. 

(b) Repeat part a for hye. Explain why this procedure, although correct in 
principle, is inaccurate in practice. 

The transistor whose input characteristics are shown in Fig. 8-2 is biased at 
Ver = —8 V and Jg = —300 pA. 

(a) Compute graphically h;. and h,- at the quiescent point specified above. 

(b) Using the A parameters computed in part a, calculate hy and hyo. 

Justify the statement in the footnote to Table 8-3. Hint: Draw a CE transistor 
circuit with a signal voltage V, between base and ground. Now interchange 
B and F and observe the resulting configuration. 
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9-29 
9-30 


(b) For the circuit of part a determine the variation of Ic in the temperature 
range —65 for 175°C when the silicon transistor of Table 9-1 is used. 

Prove Eq. (9-38). 

(a) The circuit of Prob. 9-19 is modified by the addition of a thermistor as in 
Fig. 9-12. Find Rr, Ir, and Vce for the modified circuit if Jc = 1.5 mA and 
Veco = 27.5 V. 

(b) It is desired that as the temperature changes from 25 to 175°, the varia- 
tion of Ic be +0.4 mA. Calculate the temperature coefficient of the thermistor. 


9-31 (a) Calculate the thermal resistance for the 2N338 transistor for which the 
manufacturer specifies Pco,mx = 125 mW at 25°C free-air temperature and 
maximum junction temperature T; = 150°C. 

(b) What is the junction temperature if the collector dissipation is 75 mW? 

9-32 Show that the load line tangent to the constant-power-dissipation hyperbola 
of Fig. 9-14 is bisected by the tangency point, that is, AC = BC. 

9-33 The transistor used in the circuit is at cutoff. 

(a) Show that runaway will occur for values of Jco in the range 
Veo — VVec? — 8R-/0.070 Veo + WVcc? — 8R-/0.070 
 —.  _£ Loo SS RO _ ,_— 
4k. 4R. 
(b) Show that if runaway 1s not destructive, the collector current Ico after 
runaway can never exceed Ico = Vec/2R.. 
Vec 
Prob. 9-33 
-1V 
9-34 A germanium transistor with @ = 250°C/W, Ico = 10 vA at 25°C, R, = 1 K, 
and Vec = 30 V is used in the circuit of Prob. 9-33. 
(a) Find Ico at the point of runaway. 
(b) Find the ambient temperature at which runaway will occur. 
CHAPTER 10 
10-1 The drain resistance Rg of an n-channel FET with the source grounded is 2 K. 


The FET is operating at a quiescent point Vos = 10 V, and Ips = 3mA, and © 
its characteristics are given in Fig. 10-3. 

(a) To what value must the gate voltage be changed if the drain current is to 
change to 5 mA? 
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10-2 


10-3 


10-4 


10-5 


10-6 


10-7 


10-8 


10-9 


10-10 


(6) To what value must the drain voltage be changed if the drain current is 
to be brought back to its previous value? The gate voltage is maintained con- 
stant at the value found in part a. 

For a p-channel silicon FET with a = 2 X 10-4 em and channel resistivity 
p = 10 Q-cm 

(a) Find the pinch-off voltage. 

(6) Repeat (a) for a p-channel germanium FET with p = 2 (-em. 

(a) Plot the transfer characteristic curve of an FET as given by Eq. (10-8), 
with Inss = 10 mA and Vp = —4 V, 

(6) The magnitude of the slope of this curve at Ves = 0 is gmo and is given by 
Eq. (10-17). If the slope is extended as a tangent, show that it intersects the 
Ves axis at the point Ves = Vp/2. 

(a) Show that the transconductance gm Of a JFET is related to the drain cur- 
rent Ins by 


2 
In = Vel WV Tosslos 


(bo) If Vp = —4 Vand Ipss = 4 mA, plot gm versus Ips. 

Show that for small values of Ves compared with V>», the drain current is given 
approximately by In ~ Inss + gmoVes. 

(a) For the FET whose characteristics are plotted in Fig. 10-3, determine rz 
and gm graphically at the quiescent point Vys = 10 V and Ves = —1.5 V. 
Also evaluate p. 

(6) Determine rao for Ves = 0. 

(a) Verify Eq. (10-15). 

(0) Starting with the definitions of gn and rg, show that if two identical FETs 
are connected in parallel, gm is doubled and rq is halved. Since up = ragm, then 


# remains unchanged. 
(c) If the two FETs are not identical, show that 


and that 


_ Milas + porar 
rai + Tae 


Given the transfer characteristic of an FET, explain clearly how to determine 
gm at a specified quiescent point. 


(a) Using Eq. (10-18), prove that the load conductance of a MOSFET is given 
by 


91 =9 ( Vos where g 21pss 
L >= QYdo _ = 
Vr Ws 


(6) Prove that gz = gm fora JFET. Hint: Use Eq. (10-8). 
Draw the circuit of a MOSFET negative AND gate and explain its operation. 
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Consider the FLIP-FLOP circuit shown. Assume Vz = Voy = 0 and |Vpp| > 


Vr. 
(a) Assume ta = v2 = 0. Verify that the circuit has two possible stable 
states; either v1 = 0 and v1.2 = —Vopp or %1 = —Vop and v9. = 0. 


(b) Show that the state of the FLIP-FLOP may be changed by momentarily 
allowing one of the inputs to go to — Vpp; in other words by applying a negative 
input pulse. 


Prob. 10-11 


Draw a CMOS inverter using positive logic. 
(a) The complementary MOS negative NAND gate is indicated. Explain its 


operation. 
(b) Draw the corresponding positive NAND gate. 


Prob. 10-13 
Q2 


——F a 
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10-14 The circuit of a CMOS positive Nor gate is indicated. Explain its operation. 


Prob. 10-14 


10-15. Draw a MOSFET circuit satisfying the logic equation. Y = A + BC, where 
Y is the output corresponding to the three inputs A, B, and C. 

10-16 (a) Calculate the voltage gain Ay = V./V; at 1 kHz for the circuit shown. 
The FET parameters are gm = 2mA/V andryg = 10K. N eglect capacitances. 
(b) Repeat part a if the capacitance 0.003 uF is taken under consideration. 


Vop 


Prob. 10-16 


10-17 If an input signal V, is impressed between gate and ground, find the amplifica- 
tion Ay = V,/V,. Apply Miller’s theorem to the 50-K resistor. The FET 
parameters are u = 30 and ry = 5 K. Neglect capacitances. 


Voo 


10K 
50K 


ox 


Prob. 10-17 


40K 
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10-18 If in Prob. 10-17 the signal V; is impressed in series with the 40-K resistor 
(instead of from gate to ground), find Ay = V./V;. 

10-19 The circuit shown is called common-gate amplifier. For this circuit find (a) 
the voltage gain, (b) the input impedance, (c) the output impedance. Power 
supplies are omitted for simplicity. Neglect capacitances. 


Prob. 10-19 


10-20 Find an expression for the signal voltage across R,. The two FETs are iden- 
tical, with parameters yu, ra, and gm. Hint: Use the equivalent circuits in 
Fig. 10-22 at S, and D,. 


Prob. 10-20 Prob. 10-21 


10-21 Each FET shown has the parameters rg = 10 K and gn = 2 mA/V. Using 
the equivalent circuits in Fig. 10-22 at S, and D,, find the gain (a) v/v if 
ve = 0, (0) v./v2 if 1. = 0. 

10-22 (a) Prove that the magnitude of the signal current is the same in both FETs 
provided that 


L 4 2Re 


r= — 


Im ye 
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Neglect the reactance of the capacitors. 
(6) If r is chosen as in part a, prove that the voltage gain is given by 


—p? R, 


+l Ry +74/2 


Prob. 10-22 


10-23 (a) If Ri = R, = R and the two FETs have identical parameters, verify that 
the voltage amplification is V,/V, = ~p/2 and the output impedance is are + 
(u + 1) Ri. 
(6) Given rg = 62 K, wp = 10, R; = 2 K, and R, = 1 K. Find the voltage 
gain and the output impedance. 


“op 


Prob. 10-23 


10-24 (a) If in the amplifier stage shown the positive supply voltage Vpp changes 
by AVpp = va, how much does the drain-to-ground voltage change? 
(b) How much does the source-to-ground voltage change under the conditions 
in part a? 
(c) Repeat parts a and b if Vop is constant but Vss changes by AVss = 1. 


0 Von 


Prob. 10-24 


= 0 — Ves 


10-25 If in the circuit shown V, = 0, then this circuit becomes a source-coupled 
phase inverter, since V.. = —V.2. Solve for the current J; by drawing the 
equivalent circuit, looking into the source of Q1 (Fig. 10-22). Then replace 
Q2 by the equivalent circuit, looking into its drain. The source resistance R, 
may be taken as arbitrarily large. 


Prob. 10-25 


10-26 In the circuit of Prob. 10-25, assume that V. = 0, Ra = ra = 10 K, R, = 1K, 
and » = 19. If the output is taken from the drain of Q2, find (a) the voltage 
gain, (6) the output impedance. Hunt: Use the equivalent circuits in Fig. 
10-22. 

10-27 In the circuit of Prob. 10-25, V2 # Vi, Ra = 30 K, R, = 2 K, » = 19, and 
rz = 10 K. Find (a) the voltage gains A, and A: defined by Voz = AiVi + 
AoV>. Hunt: Use the equivalent circuits in Fig. 10-22. (6) If R, is arbitrarily 
large, show that As = —A:. Note that the circuit now behaves as a difference 
amplifier. 


834 / INTEGRATED ELECTRONICS App. C 


10-28 The CS amplifier stage shown in Fig. 10-23 has the following parameters: 
Ra = 12K, R, = 1M, R, = 4709, Von = 30 V, C, is arbitrarily large, Inss = 
3 mA, Vp = —2.4 V, and rg>> Ry. Determine (a) the gate-to-source bias 
voltage Vos, (b) the drain current Ip, (c) the quiescent voltage Vos, (d) the 
small-signal voltage gain Ay. 

10-29 The amplifier stage shown uses an n-channel FET having Inss = 1 mA, Vp = 
—1V. If the quiescent drain-to-ground voltage is 10 V, find Rj. 


+24V 


56K 


Prob. 10-29 


10-30 The FET shown has the following parameters: Ipss = 5.6 mA and Vp = —4V. 
(a) If v; = 0, find »,. 
(b) If »; = 10 V, find »,. 
(c) If v, = 0, find ,. ; 
Norte: »; and v, are constant voltages (and not small-signal voltages). 


~60V 


18K 


Prob. 10-30 Prob. 10-31 


10-31 If |Znss| = 4 mA, Vp = 4 V, calculate the quiescent values of Ip, Ves, and 


Vos. 
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10-32 In the figure shown, two extreme transfer characteristics are indicated. The 
values of Vp,max and Vp,ni, are difficult to determine accurately. Hence these 
values are calculated from the experimental values of Zpss,max, [DSS8,miny Jm,mex) 
and gm,min» Note that gm is the slope of the transfer curve and that both gm, iax 
and gm,min are measured at a drain current corresponding to Ipss,min. Verify 


that 
2 
(@) Vrjmax = — q (Ipss,max!Ds88,min)? 
Olina. nin 
(6) Vemin = — a 


(c) If for a given FET, Inss, min = 2 MA, I pss,max = 6 MA, Ym, min = 1.5 mA/V, 
and gm.max = 3 mA/V, evaluate Vp, n., and Vp,min. 


-Ip 


= Ipss (max) 


Prob. 10-32 


Slope = Slope = g,, (min) 


8m(max) 


0 Vp (min) Vz(max) Ves 


10-33 The drain current in milliamperes of the enhancement-type MOSFET shown 
is given by 


Ip = 0.2(Ves —- Vp)? 


in the region Vns > Ves — Vp. If Vp = +38 V, calculate the quiescent values 
Ip, Ves, and Vos. 


+30V 


10K 


Prob. 10-33 


1M => 
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10-34 Show that if Rp<1/hoo2, the voltage gain of the hybrid cascode amplifier 
stage shown is given to a very good approximation by 


Ay = InhpRr 


where gm is the FET transconductance. 


10-35 Ifhie<K Ra, hieK ra, hye >> 1, and ~> 1 for the circuit, show that 


° mh els ° mh e R, R, 

(a) Ay, = 2 we —Gmbselbe _ (b) Ay, = 22 mw Imbselee + Re) 
v; ] + InhseR, v5 1 + GmhreRs 

where gm is the FET transconductance. 


Prob. 10-35 


10-36 If rg>> Ri, R2>> hivs, 1/hoee >> hiss, R’>> Rs, and 1/h.s3 >> Rs, show that the 
voltage gain at low frequencies is given by 


Ve RRs 
Ag = — = gm(1l + Ayer) hys3 ———__—____— 
v; 9m fea)Iyea Ri + hice + his(d + Ayer) 
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Prob. 10-36 


10-37 In the circuit shown, the FET is used as an adjustable impedance element by 
varying the de bias, and thereby the g,, of the FET. 
(a) Assume that there is a generator V between the terminals A and B. Draw 
the equivalent circuit. Neglect interelectrode capacitances. 


Prob. 10-37 


(b) Show that the input admittance between A and B is 
Y; = Yat (1 + Ink) Yer 


where Yq is the admittance corresponding to ra, and Yer is the admittance 
corresponding to R& and C in series. 
(c) If gn > 1, show that the effective input capacitance is 


C, = ee _ 
w(l + a?) 
and the effective input resistance is 
R: _ (1 + a?) rg 
"  1+a0 +4) 


where a = wR. 
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(d) Ata given frequency, show that the maximum value of C; (as either C or R 
is varied) is obtained when a = 1, and 


Im 
C; max == —— 
(C;) 20 


Also show that the value of R; corresponding to this C; is 


2ra 


Ri) max = 
(Rs) 2+4u 


which, for 4 >> 2, reduced to (Ri) max = 2/gm. 
Solve Prob. 10-37 if the capacitance C is replaced by an inductance L. 


(a) A MOSFET connected in the CS configuration works into a 100-K resistive 
load. Calculate the complex voltage gain and the input admittance of the 
system for frequencies of 100 and 100,000 Hz. Take the interelectrode capaci- 
tances into consideration. The MOSFET parameters are # = 100, rz = 40 K, 
9m = 2.5mA/V,C,, = 4.0 pF, Ca. = 0.6 F, and Cya = 2.4 pF. Compare these 
results with those obtained when the interelectrode capacitances are neglected. 
(6) Calculate the input resistance and capacitance. 


Calculate the input admittance of an FET at 103 and 10° Hz when the total 
drain circuit impedance is (a) a resistance of 50 K, (b) a capacitive reactance of 
50 K at each frequency. Take the interelectrode capacitances into considera- 
tion. The FET parameters are # = 20, rg = 10 K, gn = 2.0 mA/V, Cy. = 
3.0 pF, Ca, = 1.0 pF, and C,4 = 2.0 pF. Express the results in terms of the 
input resistance and capacitance. 

(a) Starting with the circuit model of Fig. 10-31, verify Eq. (10-37) for the 
voltage gain of the source follower, taking interelectrode capacitances into 
account. 

(6) Verify Eq. (10-39) for the input admittance. 

(c) Verify Eq. (10-40) for the output admittance. 

Hinr: For part c, set V; = 0 and impress an external voltage V, from S to N; 
the current drawn from V, divided by V, is Y,. 

Starting with the circuit model of Fig. 10-8, show that, for the CG amplifier 
Stage with R, = 0 and Ca = 0, 
(9m + ga) Ra 
1 + Ra(ga + jwCya) 

(c) Repeat (a), taking the source resistance R, into account. 

(d) Repeat (6), taking the source resistance R, into account. 

(a) For the source follower with gm = 2 mA/V, R, = 100 K, rz = 50 K, and 
with each internode capacitance 3 pF, find the frequency at which the reactive 
component of the output admittance equals the resistive component. 

(6) At the frequency found in part a calculate the gain and compare it with the 
low-frequency value. 


(a) Ay = (b) Y;= 9m + gal — Ay) + j0Cr, 


Pe 
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Find the value of this limiting frequency before the output signal is dis- 


torted by the slew-rate limit if (a2) Vn = 1 V, (6) Vm = 10V. 


CHAPTER 16 


16-1 


16-2 


16-3 


16-4 


16-5 


16-6 


16-7 
16-8 


Design the circuit of Fig. 16-1 so that the output V. (for a sinusoidal signal) 
is equal in magnitude to the input V, and leads the input by 45°. 

Consider the circuit of Fig. 16-1 with Ay = —100. IfZ=R and Z’ = —jXc 
with R = Xc¢ at some specific frequency f, calculate the gain V,/V, as a com- 
plex number. 

Given the operational amplifier circuit of Fig. 16-1 consisting of R and L in series 
for Z, and Cfor Z’. If the input voltage is a constant », = V, find the output 
»y, a8 a function of time. Assume an infinite open-loop gain. 

For the given circuit, show that the output voltage iS 


Re L\ dv d?p 
—). = — RC —+L 
v y+ (B + )G+ C 


Prob. 16-4 —v(t.0 


Consider the operational amplifier circuit of Fig. 16-1 with Z consisting of a 
resistor R in parallel with a capacitor C, and Z’ consisting of a resistor R’. The 
input is a sweep voltage v = at. Show that the output voltage v, is a sweep 
voltage that starts with an initial step. Thus prove that 


v = —ah’'C — ae 
R 


Assume infinite open-loop gain. 

Consider the operational amplifier circuit of Fig. 16-1 with Z consisting of a 
100-K resistor and a series combination of a 50-K resistance with a 0.001-uF 
capacitance for Z’. If the capacitor is initially uncharged, and if at f = 0 the 
input voltage v, = 10e~'/" with 7 = 5 X 10~‘s is applied, find v(t). 

In Fig. 16-3b show that iz is equal to —v,/R, if R3/R2. = R’/R,. 

The differential input operational amplifier shown consists of a base amplifier 
of infinite gain. Show that V, = (R2/R:)(V2 — Vi). 
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R, R; 


R, R, = 


16-9 Repeat Prob. 16-8 for the amplifier shown. 


16-10 For the base differential-input amplifier shown, assume infinite input resistance, 
zero output resistance, and finite differential gain Ay = V./(Vi — V2). 
(a) Obtain an expression for the gain Avs = V./V,. 
(6) Show that lim Ay; = n +1, Ayo o, 


Prob. 16-10 


16-11 Verify Eq. (16-6) for the bridge amplifier. 


16-12 The circuit shown represents a low-pass de-coupled amplifier. Assuming an 
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ideal operational amplifier determine (a) the high-frequency 3-dB point fy; 
(b) the low-frequency gain Ay = V./Vs. 


Prob. 16-12 


16-13. (a) The input to the operational integrator of Fig. 16-10 1s a step voltage of 
magnitude V. Show that the output is 


vy = AyV(L — e7t/ReU~4n) 


(b) Compare this result with the output obtained if the step voltage is impressed 
upon a simple RC integrating network (without the use of an operational 
amplifier). Show that for large values of RC, both solutions represent a voltage 
which varies approximately linearly with time. Verify that if ~Av > 1, the 
slope of the ramp output is approximately the same for both circuits. Also 
prove that the deviation from linearity for the amplifier circuit is 1/1 — Ay) 
times that of the simple RC circuit. 

16-14 Derive Eq. (16-13). 

16-15 (a) The input to an operational differentiator whose open-loop gain Ay = A is 
infinite is a ramp voltage v = at. Show that the output is 


vo = 


A aRC(1 — eo! 4)/Re) 
A . 


(b) Compare this result with that obtained if the same input is impressed 
upon a simple RC differentiating network (without the use of an amplifier). 
Show that, approximately, the same final constant output RC dv/dt is obtained. 
Also show that the operational-amplifier output reaches this correct value of 
the differentiated input much more quickly than does the simple RC circuit. 

16-16 Given an operational amplifier with Z consisting of F in series with C, and 2’ 
consisting of R’ in parallel with C’. The input is a step voltage of magnitude V. 
(a) Show by qualitative argument that the output voltage must start at zero, 
reach a maximum, and then again fall to zero. 
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(b) Show that if R’C’ ~ RC, the output is given by 
R'CV 


v= (e—/Re _ e—/R'C’) 


R'C’ — RC 
16-17 Sketch an operational amplifier circuit having an input v and an output which 
is approximately —5v — 3dv/dt. Assume an ideal operational amplifier. 


16-18 Sketch in block-diagram form a computer, using operational amplifiers, to solve 
the differential equation 


- + 0.5 + 0.1 sin wt = 0 


An oscillator is available which will provide a signal sin wf. Use only resistors 
and capacitors. 

16-19 Set up a computer in block-diagram form, using operational amplifiers, to solve 
the following differential equation: 


diy d?y dy 
—~+2——~-~— 4-4 2% = x(t 
a) ga tay + v= 20 
where 
2 
y(0) = 0 dy = —2 and Py = 3 
at t=0 dt? t=0 


Assume that a generator is available which will provide the signal x(t). 

16-20 (a) Verify that the damping factor of each pair of complex poles of a Butter- 
worth low-pass filter is given by & = cos 6, where @ is defined in Fig. 16-17. 
(6) Define a damping factor & for the single pole at s = —1 which is consistent 
with Eq. (16-23). 

16-21 Verify the entries in Table 16-1 for n = 3 by using Fig. 16-170. 

16-22 Using Eq. (16-22), show that the transfer function of a second-order Butter- 
worth low-pass filter satisfies Eq. (16-19). 

16-23 Use the value of P.(s) from Table 16-1 and verify that 


Pi(s)Pa(—s) | = 1 tat 
16-24 Use the values of P3(s) from Table 16-1 and verify that 
P3(+8)P3(—s) i =1+ 


16-25 Show that the voltage gain Ay(s) = V,/V, in Fig. 16-18a is given by Eq. 
(16-24). Hrnr: Use feedback principles. 

16-26 Design an active sixth-order Butterworth low-pass filter with a cutoff frequency 
(or upper 3-dB frequency) of 1 kHz. 

16-27. The circuit shown uses an ideal op amp. 
(a) Find the voltage gain Ay = V./V., the damping factor k, and the cutoff 
frequency wp. 
(6) Using this circuit, design a second-order Butterworth low-pass filter with 
fo = 1 kHz and low-frequency voltage gain equal to —1. 
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16-28 Define the z parameters of a two-port network by the following relations: 


Vi = 2uli + Zi2le 
V2 Zit, + Z20l2 


For the circuit shown prove that the voltage gain Ay = V,/V, is given by 
V~ Roz 


v, (Ry + Re) (21 _ 221) + RR, 


where 21, and 22; are the z parameters of the RC network. 


Prob. 16-28 


16-29 The network shown is the RC network of Prob. 16-28. 
(a) Find the parameters 21, and za: of this network. 
(b) Find the voltage gain V,/V, of the amplifier in Prob. 16-28 if this RC net- 


work is used. 
Prob. 16-29 + | 
Vv, Cc, 


16-30 Design a second-order active RC bandpass filter that has a midband voltage 
gain of 40 dB, center frequency of 100 Hz, and no specified bandwidth. How- 
ever, the circuit must provide at least 20-dB rejection one decade from the 
center frequency and hold phase shift to + 10° maximum for 10 percent change 
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from the center frequency. Htnr: Use Fig. 16-22 to find Q and let R, = 0 
R, = 1K. 

Design a bandpass RC active filter with midband voltage gain of 30, center 
frequency of 200 Hz, and Q = 5. Hunt: Choose C; = C2 = 0.1 uF. 

Design the resonant RLC bandpass filter of Fig. 16-21 with f, = 160 Hz, 
3-dB bandwidth B = 16 Hz, and minimum input resistance seen by the voltage 
source V, of 1,000 2. Is this a practical circuit? 

Verify Eq. (16-50) for the transfer function of the delay equalizer of Fig. 16-24a. 
(a) Show that the circuit of the accompanying figure can simulate a grounded 
inductor if Ry; > Re. In other words, show that the reactive part of the input 
impedance of this circuit is positive if Ri > Ro. 

(b) Find the frequency range in which the Q = wL/R of the inductor is greater 
than unity. 


Assume that the unity gain amplifier has infinite input resistance and zero 
output resistance. 


? 


R, 


Prob. 16-34 


(a) Show that the circuit of the given figure can simulate a grounded inductor 
if A > 1. In other words, show that the reactive part of Z; is positive. 
(6) Show that the real part of Z; becomes zero (Q = ©) at the frequency 


1 /Ri+R, 
QoQ = — — 
RC NRA — 1) 


Assume that the input resistance of the amplifier of gain A is infinite. 


Prob. 16-35 


16-36 Using Fig. 16-276, derive Eqs. (16-54) and (16-55). 

16-37. Using Fig. 16-276, derive Eqs. (16-57) and (16-58). 

16-38 The figure shows a circuit using an ideal op amp and an RC two-port network. 
The RC two-port is defined in terms of its y parameters (Sec. 16-9). Show 
that the voltage gain Ay = V,/V, is given by 


/ 
— ya(l +k) + hye where k = Ri 


Vo 
Av= = 


Y22 R 


Prob. 16-38 


16-39 Repeat Prob. 16-38 for the circuit shown. Show that the expression for Ay = 
V./V, is the same as in Prob. 16-38. 


R’ 


Prob. 16-39 


16-40 In Probs. 16-38 and 16-39 the RC two-port shown is used. (a) Find the 
parameters yo: and yz of this two-port RC network. (6) Show that if 


1 R, C; 
~=2(—4—)41 
pn 2(R +e) + 


then the two circuits are delay equalizers with transfer function 


(s — 81:)(s — 82) 


Ay=/2= 4), 
V, (s + 81) (8 + 82) 
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16-41 Using the curve of Fig. 16-31 and assuming Vagc = 3.5 V, with an audio modu- 
lating signal of 1.5 V peak to peak, calculate the modulation factor 


Vv +Max Vo smin 
Vo, max 


16-42 Derive Eq. (16-59) for the gain of the cascode video amplifier. 


16-43 (a) Verify that the circuit. shown gives full-wave rectification provided that 
R, = 2R,. 
(b) What is the peak value of the rectified output? 
(c) Draw carefully the waveforms »; = 10 sin wt, vp, and v, if Rs = 2R,. 


R, R; 


k= 


Prob. 16-43 ~ 

16-44 If a waveform has a positive peak of magnitude V, and a negative peak of 
magnitude V2, draw a circuit using two peak detectors whose output is equal 
to the peak-to-peak value V; — V2. 


16-45 Show that the given circuit can be used to raise the input V, to an arbitrary 
power. Assume V; = K, In K2V,, V, = K3 In KiV2, Ve = aV,. 


Prob. 16-45 Prob. 16-46 


16-46 For the feedback circuit shown, the nonlinear feedback network 8 gives an 
output proportional to the product of the two inputs to this network, or 
Vy, = BV2V.. Prove that if A = 0, then V, = KV./V2, where K is a 
constant. 
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16-50 


16-51 


16-52 
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(a) With the results of Prob. 16-46, draw the block diagram of a system used 
to obtain the square root of the voltage V,. 

(b) What should be the value of @ if it is required that V, = VV? 

(a) Verify Eq. (16-78) for the pulse width of a monostable multivibrator. 

(b) If V. >> V, and B = 1/2, what is T? 

Verify Eq. (16-84) for the frequency of the triangle waveform. 

The Schmitt trigger of Fig. 16-47 is modified to include two clamping Zener 
diodes across the output as in Fig. 16-45a. If V, = 4 Vand A, = 5,000 and if 
the threshold levels desired are 6 +0.5 V, find (a) R2/R:, (b) the loop gain, and 
(c) Vr. (d) Is it possible to set the threshold voltage at a negative value? 
(e) In part (a) the ratio of R, to R, is obtained. What physical conditions 
determine the choice of the individual resistances? 

The input v; to a Schmitt trigger is the set of pulses shown. Plot », versus 
time. Assume V; = 3.2 V, V2 = 2.8 V,andv, = +5 Vatt=0. 


Prob. 16-51 


(a) Calculate the logic levels at output Y of the ECL Texas Instruments gate 
shown. Assume that Vazactive = 0.7 V. To find the drop across an emitter 
follower when it behaves as a diode assume a piecewise-linear diode model with 
V, = 0.6 and Ry = 20 Q. 

(0) Find the noise margin when the output Y is at V(0) and also at V(1). 

(c) Verify that none of the transistors goes into saturation. 

(d) Calculate R so that Y’ = Y. 

(e) Find the average power taken from the power source. 


Prob. 16-52 


Verify that, if the outputs of two (or more) ECL gates are tied together as in 
Fig. 16-51, the or function is satisfied. 

(a) For the system in Fig. 16-51 obtain an expression for Y which contains three 
terms. ; 

(6) If in Fig. 16-51 Y: and VY, are tied together, verify that the output is 
Y = AB + CD. 
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(c) If in Fig. 16-51 Y, and Y, are tied together and if the input to the lower ECL 
gate is C and D (instead of C and D), what is ¥Y? 


CHAPTER 17 
17-1 Indicate how to implement S, of Eq. (17-1) with ann, or, and nor gates. 
17-2 Verify that the sum S, in Eq. (17-1) for a full adder can be put in the form 
S,= A,® B,® Ca 

17-3 (a) For convenience, let A, = A, B, = B, Cr+ = C, and C, = C). Using 
Kq. (17-4) for C!, verify Eq. (17-5) with the aid of the Boolean identities in 
Table 6-4; in other words, prove that 

C1 = BC+ CA + AB 
(6) Evaluate D = (A + B+ C)C'and prove that S, in Eq. (17-1) is given by 
S,= D+ ABC 

17-4 (a) Verify that an excLusIVE-oR gate is a true/complement unit. 

(6) One input is A, the other (control) input is C, and the output is Y. Is 
Y = A forC =1lorC = 0? 

17-5 For the system shown in Fig. 17-1la, verify the truth table in Fig. 17-110. 

17-6 (a) Make a truth table for a binary half subtractor A minus B (corresponding 
to the half adder of Fig. 17-3). Instead of a carry C’, introduce a borrow P. 
(b) Verify that the digit D is satisfied by an EXCLUSIVE-oR gate and that P 
follows the logic “B but not A.” 

17-7 Consider an 8-bit comparator. Justify the connections C’ = C,, D’ = Dz, 
and E’ = E, for the chip handling the more significant bits. Hinr: Add 4 
to each subscript in Fig. 17-14. Extend Eq. (17-12) for FE and Eq. (17-13) 
for C to take all 8 bits into account. 

17-8 (a) By means of a truth table verify the Boolean identity 

Y=(A®B)@C=AQ (BOC) 
(b) Verify that Y = 1(0) if an odd (even) number of variables equals 1. This 
result is not limited to three inputs, but is true for any number of inputs. It is 
used in Sec. 17-3 to construct a parity checker. 

17-9 Construct the truth table for the ExcLUSIVE-oR tree of Fig. 17-15 for all possi- 
ble inputs A, B, C, and D. Include A ® B and C@ D as well as the out- 
put Z. Verify that Z = 1(0) for odd (even) parity. 

17-10 (a) Draw the logie circuit diagram for an 8-bit parity check/generator system. 
(6) Verify that the output is 0(1) for odd (even) parity. 

17-11 (a) Verify that if P’ = 1 in Fig. 17-15, this system is an even-parity check. 
In other words, demonstrate that with P’ = 1, the output is P = 0(1) for 
even (odd) parity of the inputs A, B, C, and D. 
(6) Also verify that P generates the correct even-parity bit. 

17-12 (a) Indicate an 8-bit parity checker as a block having 8 input bits (collec- 


tively designated A,), an output P,, and an input control Pj. Consider a 


